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The Spotted Turtle (Clemmys guttata) has been well-documented and studied at two locations in 
Will County, Illinois, since 1987. Although spatial and reproductive ecology are relatively well 
understood, there remains no comprehensive demographic analysis of the two populations. I 
investigated the population size, structure, and demographic behavior of C. guttata populations at 
Lockport and Romeoville Prairie Nature Preserves by supplementing an existing dataset by 
conducting capture-mark-recapture in 2015–2016. I used the subsequent capture and reproductive 
data spanning 1988–2016 and Package RMark to analyze deterministic measures of change for 
both populations. Both populations exhibited an even sex ratio, a strong bias towards adults, and 
positive growth over the length of the study. I used a POPAN model to estimate the population 
size to be 116 individuals in 2010 at Romeoville and 99 individuals in 2016 at Lockport. I 
employed the CJSRandom model in RMark to determine age-specific survival and coupled the 
estimates with age-specific fecundity to create a female-only, deterministic Leslie matrix model 
for each population and subsequently conducted a perturbation analysis and population projection. 
Population growth was most sensitive to survival rates for the youngest age class and most elastic 
to pre-adult survival for both populations, which corroborates results on C. guttata from the 
species’ northern range limit and contradicts the general trend for long-lived turtle species. Neither 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Successful conservation is frequently constrained by a lack of species-specific life history 
and demographic information (Lindenmayer et al. 1993). Although costly and time-intensive to 
collect, such data can direct conservation efforts toward demographic components sensitive to 
population growth (Heppell et al. 2000). Given sufficient data, age- or stage-specific survival, 
fecundity, and mortality rates can be analyzed using deterministic life table or matrix model 
methods (Caswell 2001). Results of such approaches can then establish targeted conservation 
goals for survivorship (Enneson & Litzgus 2008) or be used as inputs for more complex and 
powerful predictive models (Chiang 1984; Skalski et al. 2005). Population viability analyses 
(PVAs), for instance, are accurate predictive models (Brook et al. 2000) of population 
persistence using demographic vital rates, demographic and environmental stochasticity, 
metapopulation dynamics, and even genetic integrity (Beissinger & McCullough 2002). 
Short-term demographic studies can provide useful estimates of adult sex ratios, population 
size, and body size dimorphisms (Bonnet et al. 2002; Meekan et al. 2006), and techniques exist 
to run perturbation analyses on incomplete life tables (Heppell 1998). However, robust estimates 
of demographic vital rates – rates of survival, mortality, and fecundity which affect population 
size and growth – usually require extensive capture histories for complete life tables and 
structured matrices (Congdon et al. 1994; Bradshaw et al. 2007; Seamans & Gutierrez 2007). In 
some cases, long-term demographic trends (East et al. 2013) or effects of environmental 
stochasticity (Gibbons et al. 2000) are masked by snapshot assessments, and accurate evaluation 
requires a decades-long monitoring approach (Maehr et al. 2002). Furthermore, demographic 
vital rates cannot be assumed to be generalizable to all populations of a wide-ranging species as 
many life history properties have been documented to exhibit plasticity and clinal variation 
(Iverson et al. 1993). 
Chelonians represent a taxon of long-lived species which prove challenging for obtaining 
demographic vital rates. Many chelonian species exhibit ontogenetic habitat and behavioral shifts 
(Roe & Georges 2008; Snover et al. 2010), which lead to lowered detection in some stages, 
further compounding the difficulty of measuring survival (Stone 2001). Considering the 
diversity, broad geographic ranges, and longevity of turtle species, minimal baseline 
demographic data (and fewer long-term data) exist to use for targeted conservation. Some recent 
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studies have been conducted on marine (Chaloupka & Limpus 2005; Balazs et al. 2015) and 
terrestrial (Hellgren et al. 2000; Converse et al. 2005) turtle demography, but long-term 
demographic analyses are available for few freshwater species (Enneson & Litzgus 2008). 
Instead, the current understanding of chelonian life history dates to Heppell (1998), who 
examined conservation implications of elasticity in vital rates across all then-published chelonian 
life tables, totaling eight species, and of these, many were abridged (Congdon et al. 1993, 1994). 
The general theme among the studies showed adults had the greatest impact on population 
growth. However, these few species may not be fully representative of chelonians, so a need 
exists to quantify the potential differential expression of demographic characteristics across and 
within species. For example, the Snake-necked Turtle (Chelodina rugosa) is demographically 
resistant to the moderated removal of reproductive adults (Fordham et al. 2007), and the Chicken 
Turtle (Deirochelys reticularia) matures unusually rapidly (2–5 yrs) and produces large clutch 
sizes (Dinkelacker & Hilzinger 2014). 
Chelonians also represent some of the most globally threatened vertebrate species for which 
crucial demographic data are minimal to absent. Of 246 turtle species recognized by the IUCN 
Red List (IUCN 2017), over half (147 species; ~60%) are vulnerable, endangered, or critically 
endangered. For those with an assessed population trend (99 species), only ~20% are stable or 
increasing while over half (51%) are decreasing, and the trend for ~29% remains unknown. 
While this represents an improvement over the number of species assessed only two years ago 
(77; IUCN 2015), only one-third of the assessments were within the last decade, thus most 
current assessments fail to incorporate contemporary data. Given the paucity of basic 
information, long-term monitoring projects for most species are likely either non-existent or 
increasingly out of date. In fact, an abbreviated review of five species listed as being in decline 
showed assessments were based in large part on short-term or limited monitoring (Gong et al. 
2006), rapid assessment inventories (Selman & Qualls 2009), or new distributional records 
(Stuart & Platt 2004). There is thus a great need for robust and updated assessments for turtle 
species in decline. 
One such declining species is the Spotted Turtle (Clemmys guttata). Due to severe range-
wide population losses, C. guttata was upgraded to Endangered in a review by the IUCN Red 
List (IUCN 2015). Currently, C. guttata is protected in the Canadian provinces and most states –
particularly in the Great Lakes region – in which it occurs (van Dijk 2011). Characterization of 
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the demography and population persistence of C. guttata has occurred in several parts of its 
range, and populations are particularly well-described from the northern range limit (Seburn 
2003; Litzgus & Brooks 2004). For instance, the analysis of C. guttata produced by Enneson and 
Litzgus (2009) included 30 years of mark-recapture data in relatively pristine habitat in Canada. 
They concluded the population faced a 60% chance of extirpation under a simple stochastic 
model and an 18% chance of extirpation under a metapopulation model within the next century. 
As the ecology of C. guttata varies geographically, local adaptations to differences in habitats, 
available resources, climate, and stochastic events may significantly impact inter-population life 
history traits (Litzgus et al. 1999; Berglind 2005). If and how much variation exists among 
populations remains unknown, but clinal variation has been documented for clutch size and 
growth in C. guttata and other freshwater turtle species (Ernst 1975; Ernst & Zug 1994; Lovich 
et al. 1998; Litzgus & Mousseau 2006). 
Despite their broad distribution from northern Florida northward to southern Ontario and 
west to Illinois (CITES 2000, 2013), individual populations of C. guttata are disjunct and require 
a mosaic of wetland and upland habitat for breeding, nesting, and brumation (van Dijk 2011). In 
Illinois, the species is restricted to two counties in the Chicago region (Johnson 1983). Now, only 
two isolated populations within the same county and separated by ~9 km (Anthonysamy et al. 
2017) remain extant, and both occur in some of the only dolomite prairie and sedge meadow 
habitat remaining in the greater Chicago region. As a semi-aquatic species and habitat specialist, 
C. guttata depends on the aforementioned community types for breeding, overwintering, and 
feeding, with sedge meadow being crucial for nesting habitat (Rasmussen & Litzgus 2010). 
These habitat types (and C. guttata) are protected within the Illinois Nature Preserves system, but 
despite the injunction against further development within the preserves, human recreational 
activity is permitted. One site features a lightly trafficked road separating the northern and 
southern portions and a path and boardwalk bisecting two high-density C. guttata habitat patches 
in the southern half. Furthermore, the surrounding hostile matrix of intense urbanization poses a 
continuous ecosystem threat. 
Even relatively intact populations of C. guttata exist at low densities and face numerous 
threats, an overwhelming proportion of which are anthropogenic (Ernst 1995; Litzgus & Brooks 
2004). Due to their continued popularity as pets, the historical capture of wild individuals for the 
domestic and international pet trade has continued and increased (CITES 2013). Several road 
4 
 
mortalities of primarily mate-searching males and nesting females and mortalities associated 
with prescribed fire for habitat management have also been documented, and the surrounding 
residential and industrial areas support relatively high densities of raccoons (Prange et al. 2003), 
which are known nest and adult predators. Habitat degradation in the form of pollution and 
alterations to the water table from local mining operations also pose a challenge to the 
persistence of C. guttata in Illinois. For example, a burst pipeline in 2010 spilled oil into the 
northern portion of one site and the Des Plaines River adjacent to known C. guttata locations 
(Hood & Grimm 2010; Lyderson 2010). 
Despite the extent of the threats faced by Illinois C. guttata populations, no long-term 
analysis exists equivalent to the 30-year study by Enneson & Litzgus (2008). However, studies 
of the two populations in Illinois began in 1988, and sufficient data, including multi-year capture 
histories, clutch size, and age at sexual maturity exist. Previously, the mark-recapture research 
focused on broad spatial and stage distributions and characterized basic demography on an 
annual basis, but it is now possible to calculate vital rates and create a robust Leslie matrix. The 
persistence of C. guttata within Illinois thus relies on informed management, and a key technique 
for providing such information rests in predictive demographic modeling. My study will develop 
the demography of disjunct populations, use a long-term dataset to identify sensitive life stages 
of C. guttata, and aid in formulating targeted conservation actions for the two remaining 
populations in Illinois. 
 
Study Sites 
Lockport Prairie Nature Preserve (LPNP, Site 2-L).––The 320-acre LPNP (Fig. 1.1) is managed 
by the Forest Preserve District of Will County (FPDWC) and includes a 271-acre parcel 
permanently dedicated under the Illinois Nature Preserves Commission (INPC) due to the 
presence of rare and endangered species. The preserve contains a variety of habitat types 
primarily consisting of dolomite prairie, cattail marsh, sedge meadow, and graminoid fen and 
also harbors a rich diversity of flora and fauna including federally endangered and rare species 
(Wilson 1994). Current habitat management includes exotic plant control through herbicide 
application and cattail-duff reduction through dormant season prescribed fire. The Des Plaines 




Romeoville Prairie Nature Preserve (RPNP, Site 1-R).––The 315-acre RPNP (Fig. 1.2) is owned 
and managed by the FPDWC and includes a 155-acre dedicated parcel through the INPC, which 
confers permanent protection. RPNP is dominated by cattail marsh with deep pools and sedge 
meadow habitat but includes a calcareous spring and riparian habitat along the Des Plaines River 
to the east of the preserve (McGee et al. 1989; Mauger 2001). Major habitat alterations have 
occurred due to irregularly-applied prescribed fire, nearby mining operations, and an oil pipeline 




Data collection.––The greatest activity period is related to mating and foraging in the spring 
(Ernst, 1976) though C. guttata in Illinois are active semi-annually during the spring and fall 
seasons. I surveyed during the active spring season between the turtles’ first emergence from 
overwintering (April) and their summer aestivation (end of June). I collected a GPS location 
(NAD83), individual measurement data, and survey data (survey location, length of time, 
number and identity of observers). Turtle measurements included carapace length, carapace 
width, plastron length, shell height, and annuli length on the left pectoral scute to the nearest mm 
with metric Vernier calipers. I determined mass to the nearest g with a digital scale, determined 
sex, and took a tissue sample of blood, shell, or both to deposit at the Illinois Natural History 
Survey herpetological tissue collection for future genetic analysis. New turtles received a unique 
carapacial notch code, and I re-notched recaptured individuals with occluded notches (Cagle 
1939). Between mid-May and late June, I palpated the inguinal pockets of all females captured 
for the presence or absence of eggs and radiographed gravid females to determine clutch size 
(Fig. 1.3) and noted the notch code, date of capture and release, and egg count for each turtle. 
Because non-calcified eggs cannot be detected on the radiograph, some females were 
radiographed multiple times throughout the nesting season to minimize false negatives. Multiple 
researchers contributed to this dataset, and as a result, capture records varied significantly in their 
format and content. I standardized definitions and formatting for all records and gathered 




Captures.––I followed standard trapping protocols established in 2006 (Mauger 2009) by 
primarily deploying 12” Promar collapsible minnow traps supplemented with medium-sized 
hoop nets (20” diameter throats) for four-day trapping bouts across each active season. I baited 
traps with sardines in oil every one to four days based on bait condition and checked traps daily. 
I situated traps at a water depth covering the trap throat to facilitate turtle entry. For each trap, I 
recorded the GPS location (NAD83), water depth, and environmental conditions when set. I also 
conducted visual encounter surveys (VES), primarily in the morning. Surveys focused on edge 
habitat for basking turtles during suitable weather (>10°C, sunny) and through the middle of 
marsh habitat during overcast or rainy conditions (Mauger 2001). I recorded habitat subunit, 
observers, and time in minutes for each survey. I classified captures either as new (unmarked 
individual) or a recapture (first within season, nth within season). I categorized turtles captured 






Figure 1.1: Map of Lockport Prairie Nature Preserve in Will County, Illinois. Only habitat 
subunits that were suitable for Clemmys guttata and surveyed for the mark-recapture 




Figure 1.2: Map of Romeoville Prairie Nature Preserve in Will County, Illinois. Only habitat 
subunits that were suitable for Clemmys guttata and surveyed for the mark-recapture 




Figure 1.3: Radiograph of Clemmys guttata females from the 2015 active season in Illinois 
showing calcified eggs as elliptical outlines within the shell boundary of each turtle. 
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CHAPTER 2: SIZE AND STRUCTURE OF TWO POPULATIONS OF SPOTTED 
TURTLE (CLEMMYS GUTTATA) AT THE SPECIES’ WESTERN RANGE LIMIT 
 
Abstract.—Determining demographic properties for threatened and endangered species is 
paramount to crafting effective management strategies for at-risk populations. However, 
collecting sufficient data is challenging for species such as chelonians, which can be particularly 
long-lived. One such species in Illinois is the Spotted Turtle (Clemmys guttata), which occurs in 
only two isolated populations. While demographic data exist for populations from other extremes 
of the C. guttata range, no similar investigation has occurred in Illinois, which represents the 
westernmost range extent. I used a long-term mark-recapture data set to analyze changes in sex 
and stage structure, abundance, and population growth from 1988–2016. Both populations 
exhibited a strong adult bias (76.5–90.6%) and an even adult sex ratio (P > 0.05) throughout the 
length of the study. Estimated population abundance increased slightly at both sites, but overall 
population growth (λ) remained stable at 1.0 (P = 0.586, 0.350). Illinois C. guttata populations 
show consistency with the sex and stage distributions of other populations but are not 
experiencing the steep declines documented throughout the remainder of their range. I 
recommend increasing available habitat as the most effective strategy to reduce risks to C. 
guttata persistence in Illinois. 
 
Introduction 
Habitat fragmentation and loss are leading causes of biodiversity declines in freshwater turtle 
species, which typically have low ability to disperse from reduced and degraded habitat patches 
(Ernst & Barbour 1989; Harden et al. 2009). Specifically, habitat loss leads to the direct 
mortality of individuals via displacement and resource loss, especially habitat specialists (Bender 
et al. 1998); contributes to hostile dispersal conditions (Shepard et al. 2008); and initiates 
demographic instability, which can cause loss of genetic diversity (Marsack & Swanson 2009; 
Willoughby et al. 2013). Such pressures are of increasing concern for rare or endangered species, 
which may lack basic information used to allocate conservation resources (Dunstan et al. 2011; 
Bartman et al. 2016) such as population size and structure. For instance, unbalanced sex and 
stage structure can impact population vital rates, drastically reduce effective population size, and 
lead to decreased genetic variability and lowered recruitment (Gibbs & Amato 2000). 
Determining population abundance and structure are therefore crucial to accurately assess a 
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species’ status (Chase et al. 1989). Additionally, estimates of long-term trends are important for 
updating listings (Troeng & Rankin 2005), justifying conservation attention (Chan & Liew 
1996), and evaluating the effectiveness of management (Sai et al. 2016) or harvest (Brown et al. 
2011) actions. 
Acquiring long-term datasets on population dynamics requires extensive time and effort, 
particularly for long-lived chelonian species (Congdon et al. 1993; Brodman et al. 2002). 
However, extrapolation from limited contemporary datasets risks underestimating the real extent 
of fluctuations in a population (McClenachan et al. 2006), especially given the extent of habitat 
alteration over the last century. One chelonian species detrimentally affected by a changing 
landscape is the Spotted Turtle (Clemmys guttata). This small, semi-aquatic species inhabits a 
broad geographic range throughout the eastern United States (CITES 2000). Individual 
populations are highly disjunct and only found within complexes of wetland and upland habitats 
used for breeding, nesting, and brumation (Ernst 1970; Perillo 1997; Wilson 1997; Milam & 
Melvin 2001). Even relatively intact populations exist in low abundances and are further 
threatened by roads, pollution, habitat loss, and poaching (Ernst 1995; Barnwell et al. 1997; 
Litzgus & Brooks 2004; Litzgus & Mousseau 2004b). Furthermore, individuals have limited 
home ranges (Semlitsch & Bodie 2003; Anthonysamy 2012) and high site fidelity, which inhibits 
their ability to disperse from degraded habitat. The International Union for the Conservation of 
Nature (IUCN) estimates the species has likely undergone a 50% reduction from historical 
abundance levels principally due to irreversible habitat loss (van Dijk 2011). Between 2003 and 
2013, C. guttata gained some measure of protection, listing, or recognition of conservation in all 
states where it occurs (CITES 2000, 2013). Furthermore, the species has been petitioned for 
listing under the U.S. Endangered Species Act (Adkins Giese et al. 2012). 
Since first documented in Illinois in 1927, several populations of C. gutatta have become 
extirpated due to extensive habitat loss, the release of captive individuals, and poaching (Johnson 
1983). The species is currently listed as state-endangered, and only two populations remain 
extant. Genetic analysis indicated a historical bottleneck and subsequent genetic divergence 
between the populations and predicted an imminent loss of genetic diversity (Anthonysamy et al. 
2017), increasing the urgency of intervention to conserve the species. Although multiple 
researchers have studied both populations since the late 1980s, no updated analysis has been 
conducted to examine long-term trends in the population. 
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The objective of my study was to extend the demographic profile of C. guttata by analyzing 
a novel location. I characterized the population size and structure of the two remaining 
populations within Illinois and analyzed population growth over a 28-year period to inform 
management goals for long-term conservation. I then compared the study populations to infer 
regional risk to the species and contextualized the Illinois populations within the species’ known 
demographic variation across its range. 
 
Materials and Methods 
Study site.—I conducted capture-mark-recapture on two populations (hereafter referred to as Site 
1-R and Site 2-L), located in Will County, Illinois. I have suppressed specific locations from the 
text in consideration of poaching threats (Lindenmayer & Scheele 2017) and at the request of the 
land management agencies involved in conservation efforts. Both sites have extensive wet-mesic 
dolomite prairie habitat (Corbett 2004) including sedge meadow, cattail marsh, wet-mesic 
prairie, and dolomite prairie (Wilson 1994); are bounded by the Des Plaines River; and are found 
within a hostile matrix of urban and industrial development. I conducted surveys in 2015 and 
2016 at Site 2-L to add to data collected from 1988–2008 at Site 1-R (11 surveys) and 1988–
2010 (19 surveys through 2016). 
 
Data collection.—From 1988–2016, individuals were captured using a combination of 
techniques including visual encounter surveys and trapping with 12” Promar minnow traps 
(Promar, Gardena, California, USA) and collapsible hoop nets during the C. guttata spring active 
season (Mauger 2009). Individuals captured received a unique carapacial notch code (Cagle 
1939) and were classified by sex and stage. I delineated sex and stage categories according to the 
development of secondary sexual characteristics (SSC) such as cloacal position relative to the 
posterior carapace edge, facial coloration, and the presence or absence of a plastral concavity 
(Table 2.1). If SSC were fully emerged (7–10 years [Ernst & Barbour 1989]), I classified the 
turtle as an adult and then determined sex. Individuals of unknown sex were considered to be 
juveniles or hatchlings, the latter identified by the presence of a hatchling scar or the absence of 
annuli beyond the areola. I further produced diagrams or photographs of shell patterns to confirm 
individual identities in case of damage to the notches or mortality, which necessitated 




Population structure.—I expressed C. guttata female to male sex ratio (FMR) as the fraction of 
females among all adults and the adult to juvenile stage ratio (AJR) as the fraction of adults 
among all captures. I used an exact binomial test for goodness-of-fit (Pilgrim et al. 1997) within 
the statistical computing software R (R Core Team 2014) to test for equality (expected value = 
0.5) between the sexes at α = 0.05 for each survey season. I transformed the data using the logit 
transformation and conducted a linear regression analysis for years in which the captured sample 
size was >10 individuals to examine whether FMR or AJR changed over the length of the study. 
 
Population size and growth rate.—I compiled individual capture histories consisting of live 
encounters during only the spring active season of each survey year and included sex as a group 
covariate. I then used Program RMark (Laake 2013) in R (R Core Team 2014) to construct a 
biologically-relevant set of candidate models. I used the POPAN formulation (Riedle 2014) of 
the Jolly-Seber model (Souza & Abe 1997) to increase the likelihood of model convergence 
(Arnason & Schwarz 1998). I then ranked models using AIC to determine meaningful covariates 
and to identify the top model, which had the lowest AIC and the greatest weight. Annual post-
birth abundance (N-hat) was calculated iteratively for each site using the initial population and 
real parameter estimates of pent (probability of entry into the population). I further constructed 
95% confidence intervals of derived estimates using the top model for each site.  
I calculated geometric growth rates (lambda, λ) using my derived population estimates 
between years (Udevitz & Ballachey 1998) and used R to run a linear regression analysis to 
assess trends over time. Each data point represented the growth rate based on two consecutive 
sampling years; I excluded all other intervals in the determination of average growth rate. A 
value of λ = 1.0 indicates stable growth, while λ > 1.0 indicates growth and λ < 1.0 indicates 
decline. A slope significantly different from zero thus suggests either a long-term decline 
(negative) or increase (positive) in population size. 
 
Results 
Population structure.—Of 289 adult captures at Site 1-R, 150 (51.90%) were of females (Table 
2.2). In years with a sample size of >10 individuals (Gibbs & Steen 2005), FMR varied between 
38.5%–77.8%. I classified 682 individuals as adults at Site 2-L, and the population exhibited a 
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slightly lower FMR (46.8%) and a narrower range in years when n >10 (27.3–53.1%) than at Site 
1-R (Table 2.3). FMR did not differ from equality at either site when examining across all 
captures and within survey seasons excepting the 2001 season at Site 1-R, which was biased 
toward females (P = 0.031, Tables 2.2, 2.3). I found no trend (slope = 0) in the FMR over time 
for either population (Site 1-R, Site 2-L; F = 0.6145, 2.325; df = 1,6, df = 1,12; P = 0.463, 
0.153). The AJR at both sites also showed no trend (Site 1-R, Site 2-L; F = 0.1692, 2.761; df = 
1,6, df = 1,12; P = 0.695, 0.122) although in years with n > 10 individuals, AJR = 90.6% ± (SE) 
7.7% (range, 82.9–98.3%) at Site 2-L, while at Site 1-R, AJR = 76.5% ± (SE) 10.6% (range, 
65.9–87.1%). 
 
Population size and growth rate.—I calculated population sizes for Site 1-R and Site 2-L using 
85 and 168 individual capture histories, respectively. The top two models for each site indicated 
apparent survival differed between the sexes whereas capture probability differed by time (Table 
2.4). The same two models had the lowest ΔAIC for both sites, but pent was more constant at Site 
1-R than at Site 2-L, which had time-dependent pent (Table 2.4). The top model parameters 
resulted in a consistent increase in abundance for Site 1-R (Fig. 2.1A), whereby the top POPAN 
model estimated an increase from ~56 individuals to ~116 individuals from 1989–2010 (Table 
2.5). Site 2-L also appears to have increased since initial surveys were conducted but remained 
stable in size since about 2000 (Table 2.6). For both sites, the 95% confidence interval (C.I.) is 
largest for the first survey season in 1988 due to the inherent difficulty of estimating the first 
sampling occasion using maximum likelihood. However, the two populations have similar 
estimated abundance throughout the length of the study as the 95% C.I. overlap for every 
matching year (Fig. 2.1). 
Both sites maintained λ >1.0 (Site 1-R, Site 2-L; λ = 1.209, 1.036) though neither 
significantly deviates from stability (Fig. 2.2). Furthermore, abundances at both sites remained 
stable (Site 1-R, Site 2-L; T = -0.576, -0.986; P = 0.586, 0.350). 
 
Discussion 
Efforts to conserve C. guttata have benefitted from multiple long-term studies of populations 
throughout their range, and the populations examined through our study have abundance and 
structure estimates within the known variation of the species. I interpret consistency in structure 
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between Illinois and other populations of C. guttata to indicate relative demographic stability. In 
contrast, I maintain range-wide concerns for the continued persistence of C. guttata based on 
trends in abundance, although my study indicates C. guttata are not currently facing such 
declines in Illinois. 
Both Illinois populations of C. guttata exhibited robust population structure. Neither Illinois 
site differed significantly from equality in AJR over the length of the study. Equal AJR is 
consistent with other populations of C. guttata. For instance, Ernst (1976) recorded an 
insignificant female-bias of 1.15F:1M in southeastern Pennsylvania and a South Carolina 
population also had equality in AJR (Litzgus & Mousseau 2004b). A major deviation from 
equality occurred for an island population in Ontario, Canada, in which the AJR was 3.83F:1M, 
which the authors attributed to the unusual habitat type (Reeves & Litzgus 2008). My finding 
also supports the trend for semi-aquatic turtle species in general, which typically adhere more 
strongly to equality in adult sex ratio than do fully aquatic chelonian species (Gibbs & Steen 
2005). 
Equality of sex ratios reduces the difference between the population size and the effective 
population size and is an important consideration for small populations because genetic 
resilience can be compromised by a skewed sex ratio (Guo et al. 2002; Traill et al. 2010). While 
there has not yet been a quantitative assessment of genetic heterozygosity within and between the 
Site 1-R and Site 2-L populations, future management should consider the populations’ genetics 
because of their limited size. For example, a genetic analysis of C. guttata populations in Canada 
discovered, despite good retention of heterozygosity, low allelic richness when Nc < 50 and 
suggested the occurrence of genetic drift (Davy & Murphy 2014). Genetic drift was found to be 
both accelerated and masked in a small population of Terrapene ornata with a history of 
persistent bottleneck (Kuo & Janzen 2004), further supporting the need for long-term genetic 
monitoring for Illinois C. guttata. 
The bias toward adults in both Illinois populations is consistent with the life history strategy 
of other long-lived organisms in which few individuals survive to maturity, but high adult 
survival rates drive population persistence (Litzgus & Mousseau 2004a). For instance, Congdon 
et al. (1993, 1994) documented a similar pattern of adult-biased populations in which high adult 
survival is fundamental to stable population growth in two other aquatic turtle species: 
Emydoidea blandingii and Chelydra serpentina. Known C. guttata populations from other 
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locations also reflect such a bet-hedging strategy. For example, populations at the species’ 
northern and southern range limits favored adult over juvenile captures (Litzgus & Mousseau 
2004b; Reeves & Litzgus 2008). At mid-latitudes, Ernst (1976) found a heavy adult bias of 
roughly 70% in southeast Pennsylvania, and Breisch (2006) reported an AJR of 57.1% in West 
Virginia. It is unclear whether naturally high mortality, survey bias, or a combination of factors 
best explains the low capture rates of ~10–40% for juveniles and hatchlings encountered during 
our study, but the stable to increasing population sizes suggest recruitment into the adult 
population is not problematic. 
I determined Site 1-R and Site 2-L populations are similar in abundance and represent the 
lower end of known population sizes, which range from 30 to 1205 individuals (CITES 2013) 
although the general trend for the species is decreasing abundance. In Ontario, populations 
underwent a possible decline of 20% over 18 years (Seburn 2003) whereas populations in the 
Midwest exhibited precipitous declines over the past century (Lovich 1987; Brodman et al. 
2002). However, my analysis indicates Illinois populations appear to be stable in size with no 
significant trend in average growth rate. 
My limited sample size precluded calculating a more precise average population growth rate, 
but the abundance estimates support positive growth of Site 1-R through 2010 whereas Site 2-L 
has maintained neutral growth since ~2000. Site 2-L was noted to be approaching an asymptote 
in suitable habitat availability by 2001 (Wilson 2002), so I conclude Site 2-L is stable at carrying 
capacity. Although no comparable assessment of habitat changes exists for Site 1-R, local habitat 
degradation since the last survey has potentially damaged the population’s resources. However, 
additional surveys and assessment of available habitat are needed to determine the current 
population size and carrying capacity at Site 1-R. 
Overall, the amount of available habitat at the two known sites limits C. guttata abundance in 
Illinois, and Site 2-L may already be at carrying capacity. Because small populations are more 
susceptible to genetic drift and demographic stochasticity, maintaining adequate population 
abundance is crucial to long-term genetic fitness and persistence of C. guttata in Illinois (Traill et 
al. 2010). The genetic structure between isolated but nearby populations can be attributable to 
natural landscape heterogeneity and has been documented for Hydromedusa maximiliani (Souza 
et al. 2002) and Emydoidea blandingii (Mockford et al. 2005). However, the differentiation 
between the Site 1-R and Site 2-L includes evidence of a past bottleneck event (Anthonysamy et 
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al. 2017), which supports anthropogenically-mediated gene flow reduction (Mockford et al. 
2005). Reducing the risk of local C. guttata extirpation may, therefore, be contingent on human-
assisted gene flow through translocations between the two sites (Anthonysamy et al. 2017). 
Species persistence may also be achievable through establishing new populations with sufficient 
suitable habitat to support survival and recruitment (Temple 1987; Berglind 2005).  
The differences I detected in population structure were minor but may be precursors to future 
differentiation in demographic vital rates (Bobyn & Brooks 1994). Such variation may result 
from population-level adaptations to site-specific conditions (Ometto et al. 2015) and may 
require site-specific management efforts. Further, while Illinois C. guttata populations do not 
exhibit major skews in structure or negative growth, they remain highly susceptible to 
environmental and demographic stochasticity, anthropogenic disturbances, and genetic 
degradation due to small size and isolation. I thus recommend two primary conservation actions 
to improve the long-term prospects for C. guttata in Illinois. First, as the two distinct populations 
are locally adapted and reconnecting them is unfeasible and possibly undesirable, management 
efforts should focus on increasing abundance to carrying capacity in areas of suitable habitat and 
on restoring additional habitat to support higher abundances than exist currently at either site. 
Increased population size will reduce autocorrelated risk factors between the two sites and 
decrease the likelihood of regional extirpation (Akçakaya 2001). Habitat for C. guttata can be 
expanded and improved at both sites through control of native cattails (Typha spp.) and 
subsequent increases in native sedge meadows for feeding and reproduction. Secondly, 
continued monitoring of known populations coupled with updated assessments of size using 
robust estimators can be used to evaluate any actual versus perceived successes of management 
actions (Dodd & Seigel 1991). The POPAN model estimates I used are consistent with 
previously calculated Schnabel closed model estimators while the Lincoln-Peterson estimator 
repeatedly produced exaggerated abundance estimates and did not seem well-suited for C. 
guttata. I recommend future abundance analyses of C. guttata use caution when employing the 




Tables and Figures 
 
Table 2.1: Characteristics used to determine stage and sex for Spotted Turtles (Clemmys guttata). 
 
 
Trait Category Characteristics 
Stage 
Hatchling only hatchling ring (areolar) present 
Juvenile 1–6 obvious annuli; no to some secondary sexual characteristics 
Adult >6 annuli or annuli worn away; sex identifiable 
Sex 
Male cloacal vent extends past margin of shell; plastral concavity; brown eyes and chin 
Female short, thin tail; flat plastron; orange eyes and chin 




Table 2.2: Sex and stage ratios by season for the Site 1-R population of Spotted Turtles (Clemmys 
guttata) in Illinois from 1988–2010 based on raw capture counts by year. Female to 
male ratio (FMR) was calculated as the proportion of females to total adult captures 





Year Female Male Total FMR Adults Juveniles Hatchlings Total AJR
1988 2 0 2 1.0000 2 0 0 2 1.0000
1989 14 15 29 0.4828 29 10 0 39 0.7436
1990 0 1 1 ---- 1 0 0 1 1.0000
1992 25 19 44 0.5682 44 5 2 51 0.8627
2000 21 14 35 0.6000 35 13 0 48 0.7292
2001 14 4 18 0.7778 18 8 5 31 0.5806
2005 24 17 41 0.5854 41 16 0 57 0.7193
2007 28 33 61 0.4590 61 15 9 85 0.7176
2008 15 24 39 0.3846 39 4 0 43 0.9070
2009 7 11 18 0.3889 18 0 3 21 0.8571
2010 0 1 1 ---- 1 0 0 1 1.0000
Sum 150 139 289 0.5190 289 71 19 379 0.7625
0.583 Ave. AJR (weighted across all years) 0.829
0.198 Standard error 0.141
Ave. FMR (weighted across years with n>10) 0.531 Ave. AJR (weighted across years with n>10) 0.765
0.130 Standard error 0.106
Ave. FMR (weighted across all years)
Standard error
Standard error
Sex Ratio Stage Ratio
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Table 2.3: Sex and stage ratios by season for the Site 2-L population of Spotted Turtles 
(Clemmys guttata) in Illinois from 1988–2016 based on raw capture counts by year. 
Female to male ratio (FMR) was calculated as the proportion of females to total adult 
captures whereas we calculated the adult to juvenile ratio (AJR) as the proportion of 
adults to all captures. 
 
 
Year Female Male Total FMR Adults Juveniles Hatchlings Total AJR
1988 10 15 25 0.4000 25 7 0 32 0.7813
1990 17 15 32 0.5313 32 13 3 48 0.6667
1991 3 5 8 0.3750 8 2 0 10 0.8000
1992 25 29 54 0.4630 54 11 1 66 0.8182
1993 3 8 11 0.2727 11 3 0 14 0.7857
1995 9 14 23 0.3913 23 4 0 27 0.8519
1997 13 18 31 0.4194 31 6 1 38 0.8158
2000 19 21 40 0.4750 40 5 1 46 0.8696
2001 25 31 56 0.4464 56 9 3 68 0.8235
2004 31 28 59 0.5254 59 16 5 80 0.7375
2005 17 17 34 0.5000 34 9 0 43 0.7907
2006 35 40 75 0.4667 75 32 2 109 0.6881
2007 5 4 9 0.5556 9 4 0 13 0.6923
2008 33 43 76 0.4342 76 25 4 105 0.7238
2009 1 1 2 0.5000 2 0 0 2 1.0000
2010 4 3 7 0.5714 7 2 0 9 0.7778
2015 38 37 75 0.5067 76 10 0 86 0.8837
2016 31 34 65 0.4769 64 5 0 69 0.9275
Sum 319 363 682 0.4677 682 163 20 865 0.7884
0.462 0.802
0.073 0.086
Ave. FMR (weighted across years with n>10) 0.451 Ave. AJR (weighted across years with n>10) 0.906
0.067 0.077
Sex Ratio Stage Ratio
Ave. FMR (weighted across all years) Ave. AJR (weighted across all years)
Standard error Standard error
Standard error Standard error
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Table 2.4: Set of ten POPAN candidate models for deriving population estimates for two populations of Spotted Turtle (Clemmys 
guttata) in Illinois. Models are ranked by ΔAIC for each site and described by the number of parameters (npar), Akaike 
Information Criterion score (AIC), difference between a given model’s AIC score and the top model’s AIC score, model 
weight (weight), cumulative weight of all higher-ranked models (cum. weight), and measure of variance (-2lnL). The 
global model is bolded, and the null model is italicized. 
 
 
Model npar AIC ΔAIC weight cum. weight -2lnL npar AIC ΔAIC weight cum. weight -2lnL
Phi(~Sex)p(~time)pent(~1)N(~1) 16 806.77 0.00 0.86 0.86 774.77 -- -- -- -- -- --
Phi(~Sex)p(~time)pent(~time)N(~1) 25 810.47 3.71 0.13 0.99 760.47 -- -- -- -- -- --
Phi(~Sex)p(~time)pent(~time)N(~1) -- -- -- -- -- -- 39 1823.34 0.00 0.91 0.91 1745.34
Phi(~Sex)p(~time)pent(~1)N(~1) -- -- -- -- -- -- 23 1827.90 4.57 0.09 1.00 1781.90
Phi(~-1+Sex+time)p(~-1+Sex+time)pent(~time)N(~1) 36 816.99 10.22 0.01 1.00 744.99 57 1839.03 15.70 0.00 1.00 1725.03
Phi(~-1 + Sex * time)p(~time)pent(~time)N(~1) 52 835.90 29.13 0.00 1.00 731.90 87 1867.33 44.00 0.00 1.00 1693.33
Phi(~-1+Sex*time)p(~-1+Sex*time)pent(~-1+Sex*time)N(~1) 94 873.32 66.55 0.00 1.00 685.32 -- -- -- -- -- --
Phi(~time)p(~time)pent(~time)N(~1) 32 878.03 71.27 0.00 1.00 814.03 -- -- -- -- -- --
Phi(~time)p(~time)pent(~time)N(~1) -- -- -- -- -- -- 53 1912.1 88.77 0 1.00 1806.11
Phi(~-1+Sex*time)p(~-1+Sex*time)pent(~-1+Sex*time)N(~1) -- -- -- -- -- -- 157 1931.6 108.23 0 1.00 1617.56
Phi(~-1+Sex+time)p(~Sex)pent(~time)N(~1) 26 927.37 120.60 0.00 1.00 875.37 40 2308.9 485.59 0 1.00 2228.93
Phi(~-1+Sex*time)p(~Sex)pent(~time)N(~1) 44 947.71 140.94 0.00 1.00 859.71 72 2349.9 526.60 0 1.00 2205.93
Phi(~Sex)p(~Sex)pent(~1)N(~1) 8 1148.45 341.68 0.00 1.00 1132.45 8 2522.5 699.15 0 1.00 2506.49




Table 2.5: Population size estimates for the Site 1-R population of Spotted Turtles (Clemmys 
guttata) in Illinois from 1988–2010 based on results of POPAN Jolly-Seber model 
calculations. Schnabel Closed Population Model estimates were obtained from 
unpublished reports. Raw capture counts by season and previously-calculated closed 
model estimates are included for comparison. The asterisk (*) denotes population 




Year Count Nc 95% C.I. Nc 95% C.I.
1988 2 40.9 5.8, 76 -- --
1989 39 55.6 29.4, 81.8 50.7 40.00, 61.40
1990 1 69.0 48.5, 89.6 -- --
1992 51 74.4 59.3, 89.5 100.6* 76.10, 125.10
2000 48 59.3 50.1, 68.5 63.4 45.83, 90.70
2001 31 75.1 65.6, 84.5 -- --
2005 57 72.4 62, 82.7 -- --
2007 85 81.1 69.3, 92.8 -- --
2008 43 94.6 81, 108.1 -- --
2009 21 106.1 90.7, 121.5 -- --
2010 1 116.3 99, 133.6 -- --
Schnabel Closed Population ModelPOPAN Open Model
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Table 2.6: Population size estimates for the Site 2-L population of Spotted Turtles (Clemmys 
guttata) in Illinois from 1988–2016 based on results of POPAN Jolly-Seber model 
calculations. Raw capture counts by season and previously-calculated closed model 
estimates are included for comparison. Schnabel Closed Population Model estimates 
were obtained from unpublished reports. The asterisks (*) denote population 
estimates derived using the Lincoln-Peterson Index. Abundances in 1988 and 1990 





Year Count Nc 95% C.I. Nc 95% C.I.
1988 32 63.0 -20.3, 146.3 41.4 31.66, 51.18
58 --
1990 48 73.5 52.0, 95.1 58 --
105* --
1991 10 64.7 45.9, 83.5 137* --
1992 66 82.9 64.3, 101.5 118* --
1993 14 84.4 60.4, 108.4 115* --
1995 27 73.3 56.1, 90.5 -- --
1997 38 89.3 69.6, 109 -- --
2000 46 68.2 53.7, 82.7 64.4 48.39, 95.35
2001 68 72.3 58.4, 86.3 91.2 71.435, 126.087
2004 80 78.2 64.3, 92.2 105.867 83.6, 144.3
2005 43 96.1 81.2, 110.9 -- --
2006 109 91.5 77, 106.1 -- --
2007 13 98.3 85.2, 111.4 -- --
2008 105 108.9 95.2, 122.5 94.9 88.4, 102.7
2009 2 98.6 85.6, 111.7 -- --
2010 9 90.4 77.7, 103.1 -- --
2015 85 104.1 88.1, 120.1 -- --
2016 70 99.7 84.9, 114.6 -- --








Figure 2.1: Changes in size of two Spotted Turtle (Clemmys guttata) populations in Illinois based 
on Jolly-Seber model calculations. Bars represent 95% confidence intervals. A.) Site 



































































Figure 2.2: Geometric growth rate for two populations of Clemmys guttata in Illinois from 1988–
2016. The dotted and dashed lines represent the average values for sampled years at 
Sites 1-R and 2-L, respectively. Shaded bands represent 95% confidence intervals, 
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CHAPTER 3: A LONG-TERM DEMOGRAPHIC ANALYSIS OF SPOTTED TURTLES 
(CLEMMYS GUTTATA) IN ILLINOIS USING MATRIX MODELS 
 
Abstract—Matrix models and perturbation analyses provide a useful framework for evaluating 
demographic vital rates crucial to maintaining population growth. Understanding which vital 
rates most influence population growth are directly applicable to long-lived organisms facing 
population declines. In Illinois, the state-endangered Spotted Turtle (Clemmys guttata) occurs in 
two distinct populations, and management can benefit from an understanding of its demographic 
behavior. I conducted a mark-recapture study on both populations in 2015 and 2016 and used 
historical mark-recapture data from 1988 to 2010 to determine female age-specific survival and 
fecundity rates. Survival increased significantly with age, and age-specific reproductive output 
and fecundity were >1.0. However, both populations exhibited net reproductive rates below 
replacement levels, and one population had a negative growth rate. Contrary to many long-lived 
turtle species, population growth was most sensitive to age (0, 1) survival and most elastic to pre-
reproductive survival. I recommend conservation actions such as habitat management and 
predator control to maximize survival of younger turtles. 
 
Introduction 
Fundamental life history traits such as the age of sexual maturity, longevity, and age-specific 
survival and fecundity reflect the adaptation of species to constraints imposed by their 
environment (Dunham & Miles 1985). Variation in life history traits are subject to selection 
(Roff 2002), and consequently, the suite of strategies observed in vertebrate species is a product 
of evolutionary pressures to maximize fitness (Stearns 1992; Chaloupka & Limpus 2005). Novel 
conditions thus place pressure on species to adapt to changes in the expression of life history 
traits (Musolin 2007). Some life history strategies are rigid and have a greater inherent risk of 
extirpation or extinction than others (Jonsson & Ebenman 2001). With the rapidly changing 
landscape of the Anthropocene has heightened the need for understanding life histories to predict 
population persistence (Traill et al. 2010; Pearson et al. 2014).  
Demography examines the expression of life history traits with the goal of identifying 
parameters influencing population growth. In particular, matrix models and perturbation analyses 
are valuable for determining the contribution of vital rates to population dynamics (Wilbur 1975; 
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Tuljapurkar & Orzack 1980; Mills & Lindberg 2002; Auffarth et al. 2017). Matrix models 
flexibly accommodate age- (Hagen et al. 2009), stage- (Fujiwara & Caswell 2001; Enneson & 
Litzgus 2008), and size-structured data (Caswell 2001; Mogollones et al. 2010), and matrix 
analyses have been broadly applied to the demography of plants (Zuidema & Franco 2001), birds 
(Sæther & Bakke 2000; Akçakaya et al. 2004), and reptiles (Berglind 2005; Riedle 2014). 
However, relatively few demographic studies exist for turtle species (Tinkle et al. 1981; Heppell 
1998; Enneson & Litzgus 2008; Mogollones et al. 2010) despite their threefold burden of being 
highly threatened, understudied, and in decline (IUCN 2015). Demographic knowledge is crucial 
for conserving turtle populations but is frequently incomplete because of the extensive time and 
resources required to collect accurate demographic and life history data (Congdon et al. 1994). 
Chelonians are an ideal taxon for the study of life history in long-lived organisms (Janzen 
2000) because many species exhibit a bet-hedging life history strategy (Cunnington & Brooks 
1996; Litzgus et al. 2008) characterized by delayed maturation, extended longevity, and absent 
reproductive senescence relative to other taxa (Gibbons 1987; Congdon et al. 1993). The Spotted 
Turtle (Clemmys guttata) exemplifies a chelonian species with extended longevity but whose life 
history has not been well described. Due to its status as a state-endangered species in Illinois 
(Johnson 1983) and the need to better understand its population dynamics for successful 
management, a long-term mark-recapture study of C. guttata was initiated in 1988 and 
concluded in 2010.  
My objective was to more fully characterize the life history of C. guttata by examining age-
specific survival and reproduction and their sensitivity to perturbation. By pairing the extensive 
historical data with more contemporary surveys in 2015 and 2016, I created matrix models to 
quantify demography vital rates for the two C. guttata populations. As few studies directly 
examine the population demographics of the same species at different sites (Frazer et al. 1991), I 
also compared Illinois populations with those present in the literature. I then used a perturbation 
analysis on the deterministic Leslie matrix models to identify the primary vital rates driving 
population growth, formulate site-specific conservation recommendations for each Illinois 
population, and refine management philosophies for the species. Finally, I conducted a 
deterministic forecasting analysis to estimate future population abundance given a deterministic 




Materials and Methods 
Study species 
The Spotted Turtle, Clemmys guttata (Schneider, 1792) is a semi-aquatic turtle of eastern North 
America identified by its small size and abundant yellow or orange spotting on a black carapace. 
It displays sexual dimorphism in appearance (Ernst & Barbour 1989), attains sexual maturity 
between 7–10 yrs, and may reproduce throughout its lifespan (Litzgus & Brooks 2004). A 
previous demographic study of a C. guttata population in southern Canada estimated an adult 
lifespan of ~110 yrs for females and >60 yrs for males (Litzgus 2006). 
 
Study sites 
I conducted capture-mark-recapture (CMR) on two C. guttata populations (hereafter denoted as 
Site 1-R and Site 2-L populations) in Will County, Illinois. I suppressed specific locality 
information in consideration of threats to the populations (Lindenmayer & Scheele 2017). Both 
sites are isolated by extensive urban development but contain similar habitats which include 
sedge meadow, cattail marsh, wet-mesic prairie, and dolomite prairie (Wilson 1994). CMR at 
both sites began in 1988 and consisted of 10 surveys through 2009 at Site 1-R and 19 surveys 
through 2016 at Site 2-L. 
 
Data collection 
Upon initial capture, I uniquely notched turtles (Cagle 1939) for future identification and 
recorded age, stage, and sex (for adult turtles). I aged juveniles and young adults using plastral 
growth ring counts. Individuals without annuli were aged using shell wear on known-age 
individuals to conservatively estimate a minimum age on unmarked individuals (Mauger 2009). I 
determined stage and sex based on the presence of secondary sexual characteristics (SSC). 
Individuals of unknown sex lacked SSC and were classified as juveniles or hatchlings, the 
latter’s possessing a hatchling scar or lacking annuli beyond the areolar. I evaluated the depth of 
the plastral concavity, facial coloration, and cloacal position relative to the carapace for emergent 
SSC. Females had slight to no concavity, an orange chin and irises, and short tails with a cloacal 
vent not extending beyond the outer carapace edge (Ernst & Barbour, 1989). I noted partial SSC 
development but did not designate adults or assign sex without full SSC.  
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Reproductive data were collected from females captured between mid-May and mid-June for 
5 of 10 sampling years at Site 1-R and 13 of 19 sampling years at Site 2-L. I palpated all females 
for the presence of eggs to determine the average proportion of gravid females. I calculated 
average clutch size by radiographing a subset of gravid females (n1-R = 31, n2-L = 38). Three adult 
age categories – young (7–9 years), mature (10–19 years), and old (20+ years) – partitioned the 
sample using observed life history transitions and data considerations. For instance, the young 
adult group represents a limited number of early-to-mature females with minimal clutch sizes 
while the old adult group contains a relatively high proportion of individuals with estimated 
versus known age. 
 
Matrix analysis 
Age-specific female survival.—For the survival analysis I used only live captures of females and 
unsexed individuals (n1-R = 105, n2-L = 153) and assumed no sex-specific survival differences in 
younger turtles to increase our sample size for those age classes. I analyzed the data with a 
CJSRandom model in Package RMark (Laake 2013) in R (R Core Team 2014) to account for 
individual heterogeneity and used initial age (age at first capture) as a group covariate. I further 
constructed a 95% confidence interval (C.I.) for all estimates of survival (Sji) and calculated 
percent relative precision (PRP) to measure the extent of variability around each age-specific 




(𝑈𝐶𝐸 − 𝐿𝐶𝐸)/𝑚𝑒𝑎𝑛 
where LCE and UCE are the lower and upper 95% confidence level estimates, respectively. 
 
Age-specific fecundity.—I calculated age-specific fecundity (Fj) as the product of age-specific 
reproductive output (ASRO; defined here as the product of average clutch size, proportion of 
gravid females, and hatchling sex ratio) and age-specific survival. I used maternal Sji instead of 
S01 to represent a post-breeding census period due to the detectability of age class (0,1) as eggs 
during the survey season (Cunnington & Brooks 1996; Enneson & Litzgus 2008). I calculated 
average clutch size as the number of eggs divided by the number of radiographed females for a 
given age class and applied a Mann-Whitney-Wilcoxon test in R (R Core Team 2014) at α = 0.05 
to test for differences between sites by age group (mature and old). Both radiographed and solely 
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palpated females were included in calculating the proportion of gravid females for a given age by 
dividing the number of detectably gravid females by the total number of females palpated or 
radiographed. I excluded females checked for eggs outside of the earliest and latest calendar 
dates on which we verified gravidity in a female in any season to minimize the rate of false 
negatives and further assumed an equal sex ratio among hatchlings. 
 
Leslie matrix.—I combined survival and reproduction data to construct a female-only Leslie 
matrix with age-specific fecundity rates (Fj) as horizontal elements on the top row and age-





𝐹0 𝐹1 𝐹𝑗 …
𝑆01 0 0 …
0 𝑆12 0 …
0 0 𝑆𝑗𝑖 …





where Sji represents survival from age j to i, with i = j+1. 
 
I defined the (0,1) age class survival rate as the probability of hatching and successfully 
overwintering to the following spring active season and therefore adjusted the model estimate for 
survival of the (0,1) age-class by multiplying the derived estimate by an egg survival rate of 
0.546 (Enneson & Litzgus 2008). The survival rate for any subsequent age class j represents the 
probability of surviving from age j to age i. I limited the number of columns to the age of the 
oldest recorded individual for either population: 28 years for Site 1-R and 38 years for Site 2-L. I 
calculated net reproductive rate (R0), generation time (G), geometric growth rate (λ), the damping 
ratio (ρ), and the stable age distribution (n) for each population and their associated 95% C.I. 
using R package ‘popbio’ (Stubben et al. 2016). As a latitudinal comparison, I also calculated the 
above metrics for an Ontario population of C. guttata (Enneson & Litzgus 2008) using the 
Lefkovitch matrix as well as maximum longevity using the following equation from Litzgus 
(2006): 
Pa = 1/N 
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where P = harmonic mean of adult survival, a = maximum longevity, and N = estimated female 
population size in 2009 (Site 1-R) and 2016 (Site 2-L). I calculated P using parameter estimates 
(PE), lower confidence estimates (LCE), and upper confidence estimates (UCE) for survival and 
used previously calculated abundance estimates of females for N (Chapter 2). 
 
Perturbation analysis.—I used the R package ‘popbio’ (Stubben et al. 2016) to derive sensitivity 
and elasticity matrices from three Leslie matrices at each site representing PE, LCE, and UCE. 
Elements with the greatest absolute value represented the most sensitive or elastic parameters, in 
which sensitivity refers to the absolute effect of a change in a parameter and elasticity refers to 
the proportional effect of a change in a parameter. 
 
Deterministic projections.—I projected the female population size of each population forward 
10, 20, 50, and 100 yrs using the R package ‘popbio’ (Stubben et al. 2016). The process 
iteratively applied the stable age distribution to the Leslie matrix and used previously calculated 
abundance estimates of females in the most recent survey year (Chapter 2). I also calculated 




Age-specific female survival.—At Site 2-L, the 95% C.I. was broadest for younger age classes, 
and survival increased significantly with age based on non-overlapping 95% C.I. (Fig. 3.1). The 
Site 2-L survival curve showed a logarithmic relationship approaching 100% and appeared to 
asymptote by 38 years, the age of the oldest individual we encountered. The Site 1-R estimates 
did not suggest an asymptote for the survival rates by the maximum age of 28 yrs. Moreover, the 
massive 95% C.I. for Site 1-R precludes meaningful interpretation. In fact, PRP at Site 1-R was 
greater than at Site 2-L for all ages and increased beyond age 8 yrs (Fig. 3.2). 
 
Age-specific female fecundity.—The three age classes demonstrated different reproductive 
patterns. At Site 1-R, most females were gravid, including those designated as mature adults, and 
clutch sizes averaged over four eggs per female, leading to much higher ASRO overall than at 
Site 2-L (Table 3.1) for both the mature (P = 0.048) and old (P << 0.01) age groups. Only some 
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Site 2-L females in the young adult category carried eggs whereas I documented no similar 
occurrence at Site 1-R. At both sites, adult females exhibit above-replacement ASRO and 
fecundity (>1.0). 
 
Matrix analysis.—The age-specific Leslie matrices (Tables 3.2, 3.3) yielded similar traits and 
stable age distributions (Fig. 3.3) for each population. The only significant difference when 
directly comparing the 95% C.I. of Illinois population traits was in generation time (Table 3.4), 
which was much higher at Site 2-L than at Site 1-R (G2-L=22.8, G1-R=14.9). Both sites exhibited 
negative growth rates (λ < 1.0) and net reproduction (0 ≤ R0 < 1.0). In contrast, the Ontario 
population appeared more robust: R0 was above replacement and λ was positive. Moreover, ρ and 
G were significantly larger than for Illinois populations. Maximum longevity ranged from 3.8–
45.7 yrs at Site 1-R and from 32.6–90.3 yrs at Site 2-L (Table 3.5). 
The most sensitive and elastic vital rates were comparable between populations (Fig. 3.4). 
The highest sensitivity was for age (0,1) survival (φSITE = PE (LCE, UCE); φ1-R = 0.139 (0.188, 
0.124); φ2-L = 0.107 (0.115, 0.110)) while the most elastic terms were pre-reproductive survival 
(Tables 3.6, 3.7). That is, at Site 1-R, reproduction was first documented at age 10, and the 
greatest elasticity was equal for ages 0–9 years. Similarly, the most elastic terms for Site 2-L 
were equal between ages 0–6 years with reproduction first occurring at age 7 years (Tables 3.8, 
3.9). The sensitivity and elasticity of population growth to age-specific fecundity were minimal 
(Fig. 3.5) and an order of magnitude less than the most influential parameters (Tables 3.6–3.9). 
The divergence in population growth rates is clear when observing the projected population 
abundances (Fig. 3.6). Both populations declined to 0 in the PE, LCE, and Worst scenarios 
(Table 3.10). The exaggerated λ for the Site 1-R Best and UCE scenarios resulted in over 
doubling of the population over the next century (Best = 55 to 124 individuals, UCE = 46 to 103 
individuals). At best, Site 2-L would only experience modest growth (Best = 53 to 59 
individuals, UCE = 44 to 49 individuals). 
 
Discussion 
My study demonstrates C. guttata follows a survivor species life history strategy (Congdon et 
al. 1993; Sæther & Bakke 2000) but exhibits dissimilar elastic prioritization of vital rates, 
representing a new variation in chelonian life history. Relative to other turtle species, C. guttata 
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attains sexual maturity at a moderate age (Shine & Iverson 1995), has comparably high adult 
survivorship (Congdon et al. 1994; Famelli et al. 2012; Balazs et al. 2015), low reproductive 
output (Ernst 1970, 1995), and moderate longevity (Ernst & Lovich 2009). For instance, age-
specific survival rates for Illinois C. guttata follow a similar ontogenetic trend and value as those 
documented for other freshwater turtle species (Heppell 1998): survival may reach over 90% in 
adults (Congdon et al. 1994, 2001; Stone 2001). A review of survivorship in 25 turtle species 
showed an average survival rate of 86.6% with all but four species having >80% annual survival 
(Shine and Iverson, 1995) and one, Deirochelys reticularia, having adult survival as low as 40% 
with increasing age (Buhlmann et al. 2008). Within C. guttata, Illinois populations have 
comparable survival rates to those documented in Shine and Iverson (1995), and Site 2-L bounds 
the estimate from Enneson and Litzgus (2008) of 96.5%, suggesting adults in demographically 
healthy C. guttata populations should be above 90%. The juvenile C. guttata survival rate from 
the northern edge of the range was 81.6% (Enneson & Litzgus 2008), one of the highest reported 
for freshwater turtle species and comparable to the upper 95% C.I. estimates for Illinois 
populations. Furthermore, these estimated survival rates were within the range reported for other 
species. For instance, juvenile Emydoidea blandingii (Congdon et al. 1993), Kinosternon 
flavescens (Iverson 1991), Kinosternon subrubrum (Frazer et al. 1991) and Chrysemys picta 
(Wilbur 1975) all had survival estimates ranging from 64.0–80.6%. 
Female age-specific fecundity results support the work of Litzgus et al. (2008) who 
concluded C. guttata exemplifies the ‘terminal investment hypothesis’ of reproduction in which 
individuals with a low probability of surviving to future reproductive events increase their 
present reproductive investment (Weladji et al. 2002). Higher ASRO could represent a trade-off 
in resource allocation (Hellgren et al. 2000) whereby greater present maternal investment 
correlates with reduced future body condition, growth, and survival (Shine 1980). For instance, 
studies on C. guttata from South Carolina and Canada found larger clutch sizes correlated with 
both poor and good maternal body condition (Litzgus et al. 2008; Rasmussen & Litzgus 2010a). 
The Chicken Turtle (Deirochelys reticularia) exhibits an extreme version of the terminal 
investment life history strategy where females have high fertility (annual reproduction of large 
clutches), mature early (age 2–5 yrs), and >30% mortality rates in response to extreme 
environmental stochasticity (Buhlmann et al. 2009). Although Site 1-R behaves more like D. 
reticularia than Site 2-L, all fecundity elements of the Leslie matrices have low sensitivities and 
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elasticities, suggesting the increased clutch size has minimal ability to alter the population 
trajectory at Site 1-R (Fig. 3.5). 
The parameter with the greatest absolute influence on population growth for both sites was 
survival of the (0,1) age-class. Similarly, the parameters with the greatest proportional effect on λ 
were pre-reproductive survival. Despite the potential longevity of female C. guttata to be ~90.3 
yrs (Table 3.5), few individuals survive to maturity to reproduce. Therefore, the relative 
importance of juvenile survivorship in a stable age distribution may be because the largest 
component of the population is the (0,1) age class with over 50% of individuals found in the (0, 
2) age group and about 75% in the (0,6) age group at Site 1-R and (0,10) age group at Site 2-L. 
The unusual result of my sensitivity analysis implies a species with modest ability to buffer 
losses from elevated adult mortality and heightened value of egg, hatchling, and juvenile 
survivorship for maintaining population growth and persistence. Taken in conjunction with other 
chelonian life histories, C. guttata demonstrates the need to move beyond the slow-to-fast 
species paradigm (Gaillard et al. 2005), and following canon as established by the Heppell 
(1998) meta-analysis would result in a misallocation of conservation resources. Recent 
demographic studies on the genus Chelodina, for example, also counter the assumed chelonian 
life history strategies. The population growth rates of the Snake-necked Turtle (Chelodina 
rugosa) are fairly resistant to adult removal (Fordham et al. 2007) whereas λ of the congeneric 
Eastern Long-necked Turtle (Chelodina longicollis) is most sensitive to adult survival but cannot 
exceed 1.0 without increased hatchling survival (Spencer et al. 2017). Moreover, while lengthy 
studies are resource intensive, short-term evaluation may simply not consistently represent a 
population’s fundamental demographic behavior and lead to spurious conclusions (Maehr et al. 
2002). As more long-term demographic analyses are produced for more species, we will better 
our understanding of the variation in turtle life history strategies. 
My results additionally show evidence of demographic divergence between the Illinois 
populations. First, the Illinois populations were not consistent with each other concerning the 
shape of the survival curves and their estimated magnitudes. More specifically, at Site 1-R, 
determining if and where an asymptote exists may only be resolved through continued 
monitoring to track older marked individuals. The 10-yr dataset of >100 individuals for Site 1-R 
may be insufficient to characterize the population despite its 21-yr span. More frequent surveys 
as were conducted at Site 2-L may be required to produce reliable estimates and mitigate the low 
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certainty in Site 1-R survival rates. Alternatively, if the modeled variability in survival for adults 
is not exaggerated, the given estimates reveal a population vulnerable to the effects of 
demographic and environmental stochasticity, which can quickly lead to extirpation 
(Lindenmayer & Lacy 1995). Selection may temper this risk for larger clutch sizes leading to 
higher ASRO at Site 1-R to compensate for lower or more variable adult survival than at Site 2-
L. I speculate the demographic divergence between populations to be an adaptive response to 
human-induced rapid environmental change, which can lead to sudden increases in trait plasticity 
(Lande 2009). Previous research has demonstrated fast evolutionary responses with large 
populations or short generation times (Bell & Gonzalez 2009; Snell-Rood 2013), but my results 
show a demographic response to recent habitat loss and fragmentation (~200 years or ~10 
generations). Research at the northern range limit of C. guttata demonstrated substantial 
demographic variability could occur at more local scales between disparate habitat types (Reeves 
& Litzgus 2008), but I further demonstrate detectable demographic plasticity between 
conspecific populations located in similar and nearby sites. This variation is evidence of the 
demographic expression of genetic divergence between Illinois populations (Anthonysamy et al. 
2017). 
Finally, this study provides further support for clinal variation in demographic properties. In 
general, chelonian size and egg mass positively correlate with latitude (Iverson 1992; Ashton & 
Feldman 2003) whereas clutch size decreases with latitude (Iverson et al. 1993). In the Wood 
Turtle (Glyptemys insculpta), life history traits of body size and clutch size vary latitudinally due 
to a combination of demographic and environmental factors (Greaves & Litzgus 2009). 
Likewise, in the Painted Turtle (Chrysemys picta), northern populations produce an average of 
4.1 eggs per clutch and 4–5 clutches per season as compared with a maximum of 10.7 eggs per 
clutch over two clutches in southern populations (Moll 1973). Life history traits are thus known 
to vary, sometimes starkly, within species (Finkler & Claussen 1997; Miller & Dinkelacker 
2007). Similarly, C. guttata exhibits clinal variation in average clutch size across its broad range 
(Litzgus & Mousseau 2006). I documented average clutch size (eggs per reproductive female) in 
Illinois populations (41°N; Site 1-R = 4.35 ± 0.95, Site 2-L = 3.34 ± 0.91) as intermediate 
between Ontario (45°N; 5.3 ± 0.04) and Pennsylvania (40°N; 3.9 ± 0.01) but with greater 
variability (Litzgus & Mousseau 2003). Survival estimates for Chrysemys picta from Michigan 
show two-fold higher survival rates compared with estimates from South Carolina (Enneson & 
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Litzgus 2008), and C. guttata appears to follow a similar trend with increasing juvenile survival 
with latitude. 
The variation from my calculation of age-specific traits revealed trends between Illinois 
populations and between Illinois and Canadian C. guttata. First, G1-R (14.9 yrs) was roughly 65% 
of G2-L (22.8 yrs), indicating the mean age of reproduction is significantly younger for Site 1-R 
than Site 2-L individuals, likely due to lower adult survival rates (Koons et al. 2006). Both 
Illinois populations had shorter generation times than the Ontario population (Table 3.2; Gont = 
27.8 yrs), reinforcing the known positive correlation between G and latitude in ectotherms 
(Taylor 1981; Huey & Berrigan 2001). The most accurate estimate of maximum longevity (a) 
using the Litzgus (2006) formulation for either site is obscured by the sensitivity of the equation 
to small changes in survival and the large C.I. for adult survival. At Site 2-L, for example, a 
difference in estimated survival of ~2.5% resulted in a 35-yr alteration between the PE and UCE 
estimates. However, a for female C. guttata was much lower in Illinois than in Canada even 
when using the larger UCE from Illinois for comparison. In C. guttata, the clinal trend may be 
further explained by the short active season of northern turtles species, which experience lower 
annual metabolic activity (Gibbons 1987) due to an overwintering period of six months per year 
(Rasmussen & Litzgus 2010b). The restrictive environmental conditions in Canada are 
consequently reflected in C. guttata life history and include higher survival by stage (Enneson & 
Litzgus 2008), later attainment of sexual maturity (Litzgus 2006), and greater estimated 
longevity (Litzgus 2006). It follows that G, as a measure of the average age of mothers at 
childbirth (Stearns 1992), would be larger at higher latitudes. However, larger estimates of G 
correspond to slower recovery from overexploitation or other high mortality events (Congdon et 
al. 1994; Fordham et al. 2007), which may pose a threat to Canadian C. guttata. 
Moreover, the related terms of R0 and λ suggest a greater divergence in deterministic 
trends between Illinois and Canada. My results show a demographically-driven decline in the 
Site 1-R population, made obvious by population projections. Given deterministic conditions, the 
estimated, 95% LCE, and worst-case scenarios closely track one another to show an estimated 
reduction to one female individual within 17 years in the Site 1-R population. The projections 
showing rapid population growth for the Site 1-R UCE and best-case scenarios are thus likely 
exaggerated and unreliable. The Site 2-L population exhibits only minor growth even in the 
deterministic best case and UCE scenarios, so it is likely neither population is demographically 
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viable under stochastic conditions. In contrast, the Ontario population exhibits a positive λ and R0 
an order of magnitude above Illinois estimates. 
My estimates of λ contradict my previous conclusion (Chapter 2) that the two populations 
were experiencing stable to increasing abundance. I posit three related causes for the discrepancy 
in our findings. First, my initial abundance estimates included males while our matrix models 
were female-only. I assumed my single-sex model was representative of the entire population, 
but it is possible male dynamics differ from and obscure trends in female dynamics (Richard et 
al. 2002). I do not consider this problematic as C. guttata reproduces sexually and female 
abundance is a limiting factor for population growth. Secondly, my previous estimates of λ were 
based on a small sample size of capture data (n1-R = 6, n2-L = 11) and may be elevated as a result 
of population momentum (Koons et al. 2006). In other words, the populations were sampled 
while experiencing short-term, transient dynamics not representative of the general trend (Koons 
et al. 2005). This explanation only reemphasizes the necessity of long-term datasets for long-
lived species (East et al. 2013). Finally, my calculation of λ assumes the populations have 
achieved a stable age distribution. However, the damping ratio (ρ), a measure of the rapidity of 
convergence on the stable age distribution (n; Fig. 3.3), is low for each population (ρ < 1.1). 
While low ρ is expected for a long-lived species (Franco & Silvertown 2004), it also suggests C. 
guttata recovers slowly from alterations to the age distribution. Illinois populations may be 
experiencing short-term growth over the length of the study (equal to 1–2 generation times) 
while equilibrating toward n, but this growth is unlikely to be sustained. 
The intraspecific variation between my highly proximate populations of C. guttata suggests 
demographic plasticity as an adaptive response to site-specific challenges. However, I add the 
caveat that elasticity matrices derived from inaccurate estimates of vital rates over the short term 
(Mills & Lindberg 2002) or from changes in vital rates over time (Mills et al. 1999) could lead to 
misprioritization of age classes to target for conservation. In my analysis, the incorrect ranking 
could be due to the two main factors. First, ASRO based on size is likely more appropriate than 
age-based ASRO as size correlates more strongly with the onset of sexual maturity and clutch 
size in turtles (Gibbons 1969). I recommend restructuring fecundity based on size classes and 
using a regression analysis to relate size classes with age classes. Secondly, the large confidence 
intervals and high PRP (Fig. 3.3) for younger age classes, most noticeably at Site 1-R, suggest 
future research, not just management, should focus on eggs, hatchlings, and juveniles (Litzgus 
46 
 
2006). Major changes between current and future vital rates will likely be attributable to habitat 
improvements and can be recalculated to determine the efficacy of our recommendations to 
promote population growth. Moreover, it would be interesting to see if both populations respond 
to the same management actions to the same degree. 
This study establishes management actions should be targeted at increasing survival for ages 
before sexual maturation, so I recommend instituting predator controls such as caging nests and 
trapping mesopredators as an effective method to reduce predation of nests and juveniles 
(Christiansen & Gallaway 1984; Engeman et al. 2005). Adults are more resilient to predation 
attempts than juveniles (Ernst 1976), often only losing limbs or accruing shell scours (pers. obs.) 
and may also benefit from fewer interactions with predators (Brown et al. 1999; Riley & Litzgus 
2014) or from allocating fewer resources to recovering from predator-induced injury (Rinkevich 
1996). Additional measures may be taken to reduce on-site and nearby habitat fixtures on which 
mesopredators rely such as cavity trees for raccoon nesting (Urban 1970). Increasing high-
quality nesting habitat would also increase the number of surviving eggs and reduce predation 
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Table 3.1: Age-specific reproductive output (ASRO) of three age classes of Clemmys guttata 
based on inguinal palpations and radiographs of females captured from two populations 
in Illinois between 1988 and 2016. ASRO was calculated as the product of the 
proportion of gravid females, average clutch size, and expected proportion of female 
offspring (female sex ratio). 
 
  
Site Age (yrs) Proportion gravid n Ave clutch size n Proportion female ASRO
7–9 0.000 2 0.000 0 0.500 0.000
10–19 1.000 19 4.167 18 0.500 2.083
20+ 0.722 18 4.615 13 0.500 1.667
7–9 0.176 17 2.000 1 0.500 0.176
10–19 0.698 43 3.353 17 0.500 1.170





Table 3.2: Leslie matrix elements for the Site 1-R population of Clemmys guttata in Illinois in 
which j = Age in years, i = j+1, Sji = survival from age j to i, and Fj = fecundity of age 





0 0.356 (0.210, 0.467) 0
1 0.658 (0.402, 0.846) 0
2 0.664 (0.429, 0.838) 0
3 0.669 (0.455, 0.831) 0
4 0.675 (0.479, 0.824) 0
5 0.680 (0.499, 0.819) 0
6 0.686 (0.516, 0.817) 0
7 0.691 (0.528, 0.817) 0
8 0.697 (0.536, 0.820) 0
9 0.702 (0.538, 0.826) 0
10 0.707 (0.535, 0.835) 1.473 (1.115, 1.740)
11 0.712 (0.528, 0.845) 1.484 (1.100, 1.761)
12 0.717 (0.518, 0.857) 1.495 (1.079, 1.785)
13 0.722 (0.505, 0.869) 1.505 (1.053, 1.810)
14 0.727 (0.490, 0.881) 1.516 (1.022, 1.835)
15 0.732 (0.474, 0.893) 1.526 (0.987, 1.860)
16 0.737 (0.456, 0.904) 1.536 (0.951, 1.883)
17 0.742 (0.438, 0.914) 1.546 (0.912, 1.904)
18 0.747 (0.419, 0.924) 1.556 (0.873, 1.924)
19 0.752 (0.400, 0.932) 1.566 (0.832, 1.942)
20 0.756 (0.380, 0.940) 1.261 (0.633, 1.567)
21 0.761 (0.361, 0.947) 1.268 (0.601, 1.579)
22 0.766 (0.341, 0.954) 1.276 (0.569, 1.589)
23 0.770 (0.322, 0.959) 1.283 (0.537, 1.599)
24 0.774 (0.304, 0.964) 1.291 (0.506, 1.607)
25 0.779 (0.285, 0.969) 1.298 (0.476, 1.615)
26 0.783 (0.268, 0.973) 1.305 (0.446, 1.621)
27 0.787 (0.251, 0.976) 1.312 (0.418, 1.627)
28 0 1.319 (0.390, 1.632)
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Table 3.3: Leslie matrix elements for the Site 2-L population of Clemmys guttata in Illinois in 
which j = Age in years, i = j+1, Sji = survival from age j to i, and Fj = fecundity of age 




0 0.336 (0.240, 0.418) 0
1 0.640 (0.476, 0.776) 0
2 0.664 (0.512, 0.788) 0
3 0.687 (0.548, 0.799) 0
4 0.709 (0.584, 0.809) 0
5 0.731 (0.618, 0.820) 0
6 0.751 (0.650, 0.831) 0
7 0.770 (0.680, 0.841) 0.136 (0.120, 0.148)
8 0.789 (0.708, 0.851) 0.139 (0.125, 0.150)
9 0.806 (0.734, 0.862) 0.142 (0.130, 0.152)
10 0.822 (0.757, 0.872) 0.961 (0.886, 1.020)
11 0.837 (0.778, 0.882) 0.979 (0.910, 1.032)
12 0.851 (0.797, 0.892) 0.995 (0.932, 1.044)
13 0.864 (0.813, 0.902) 1.010 (0.951, 1.055)
14 0.876 (0.827, 0.912) 1.024 (0.968, 1.067)
15 0.887 (0.840, 0.921) 1.037 (0.983, 1.077)
16 0.897 (0.851, 0.930) 1.049 (0.996, 1.088)
17 0.906 (0.861, 0.938) 1.060 (1.008, 1.097)
18 0.915 (0.870, 0.945) 1.070 (1.018, 1.106)
19 0.923 (0.879, 0.952) 1.080 (1.028, 1.114)
20 0.930 (0.886, 0.958) 1.092 (1.040, 1.125)
21 0.937 (0.893, 0.963) 1.100 (1.048, 1.131)
22 0.943 (0.899, 0.968) 1.107 (1.055, 1.137)
23 0.948 (0.905, 0.972) 1.113 (1.062, 1.141)
24 0.953 (0.910, 0.976) 1.119 (1.069, 1.146)
25 0.958 (0.915, 0.979) 1.124 (1.075, 1.150)
26 0.962 (0.920, 0.982) 1.129 (1.080, 1.153)
27 0.966 (0.925, 0.985) 1.133 (1.085, 1.156)
28 0.969 (0.929, 0.987) 1.137 (1.090, 1.158)
29 0.972 (0.933, 0.989) 1.141 (1.095, 1.160)
30 0.975 (0.936, 0.990) 1.144 (1.099, 1.162)
31 0.977 (0.940, 0.992) 1.147 (1.103, 1.164)
32 0.979 (0.943, 0.993) 1.150 (1.107, 1.165)
33 0.981 (0.946, 0.994) 1.152 (1.111, 1.167)
34 0.983 (0.949, 0.995) 1.154 (1.114, 1.168)
35 0.985 (0.952, 0.995) 1.156 (1.118, 1.168)
36 0.986 (0.955, 0.996) 1.158 (1.121, 1.169)
37 0.988 (0.957, 0.997) 1.160 (1.124, 1.170)
38 0 1.161 (1.126, 1.170)
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Table 3.4: Calculated life history traits for three populations of Clemmys guttata from Illinois 
and Canada. Leslie matrix calculations were derived from data collected in Illinois for 
Site 1-R from 1988–2009 and for Site 2-L from 1988–2016. Ontario population 
calculations were derived from a published Lefkovitch matrix (Enneson & Litzgus 
2008). Only female individuals were considered. R0 = net reproductive rate, G = 




Site 1-R Site 2-L Ontario
R0 0.060 (0.001, 1.184) 0.188 (0.017, 1.001) 1.922
G 14.920 (12.917, 17.040) 22.801 (21.875, 23.260) 27.767
λ 0.828 (0.571, 1.010) 0.929 (0.839, 1.001) 1.024
ρ 1.079 (1.065, 1.075) 1.041 (1.021, 1.069) 1.422
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Table 3.5: Estimated maximum longevity (a) of Clemmys guttata from two Illinois populations. 
P = harmonic mean of adult survival, and N = estimated female population size in 
2009 (Site 1-R) and 2016 (Site 2-L). PE, UCE, and LCE represent the parameter 
estimates, upper confidence estimates, and lower confidence estimates, respectively, 
of age-specific survival from which P was calculated. 
 
  
Site Scenario P N a
LCE 0.3695 46 3.8
PE 0.7499 46 13.3
UCE 0.9196 46 45.7
LCE 0.8903 44 32.6
PE 0.9338 44 55.3





Table 3.6: Sensitivity matrix elements for the Site 1-R population of Clemmys guttata in Illinois 
in which j = Age in years, i = j+1, Sji = sensitivity of survival from age j to i, and Fj = 







0 0.139 (0.188, 0.127) 0
1 0.075 (0.098, 0.070) 0
2 0.074 (0.092, 0.071) 0
3 0.074 (0.087, 0.072) 0
4 0.073 (0.083, 0.072) 0
5 0.073 (0.079, 0.073) 0
6 0.072 (0.077, 0.073) 0
7 0.071 (0.075, 0.073) 0
8 0.071 (0.074, 0.073) 0
9 0.070 (0.074, 0.072) 0
10 0.061 (0.062, 0.062) 0.004 (0.006, 0.005)
11 0.052 (0.051, 0.053) 0.004 (0.005, 0.004)
12 0.045 (0.041, 0.046) 0.003 (0.005, 0.003)
13 0.039 (0.033, 0.040) 0.003 (0.005, 0.003)
14 0.034 (0.025, 0.034) 0.002 (0.004, 0.002)
15 0.029 (0.019, 0.029) 0.002 (0.004, 0.002)
16 0.025 (0.014, 0.025) 0.002 (0.003, 0.002)
17 0.021 (0.009, 0.022) 0.002 (0.002, 0.002)
18 0.018 (0.006, 0.018) 0.002 (0.002, 0.001)
19 0.015 (0.004, 0.015) 0.001 (0.001, 0.001)
20 0.012 (0.002, 0.013) 0.001 (0.001, 0.001)
21 0.010 (0.001, 0.011) 0.001 (0.001, 0.001)
22 0.009 (0.001, 0.009) 0.001 (0.000, 0.001)
23 0.007 (0.000, 0.008) 0.001 (0.000, 0.001)
24 0.005 (0.000, 0.006) 0.001 (0.000, 0.001)
25 0.004 (0.000, 0.004) 0.001 (0.000, 0.001)
26 0.003 (0.000, 0.003) 0.001 (0.000, 0.001)
27 0.001 (0.000, 0.001) 0.001 (0.000, 0.001)
28 0 0.001 (0.000, 0.001)
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Table 3.7: Sensitivity matrix elements for the Site 2-L population of Clemmys guttata in Illinois 
in which j = Age in years, i = j+1, Sji = sensitivity of survival from age j to i, and Fj = 




0 0.107 (0.115, 0.110) 0
1 0.056 (0.058, 0.059) 0
2 0.054 (0.054, 0.058) 0
3 0.052 (0.050, 0.057) 0
4 0.051 (0.047, 0.057) 0
5 0.049 (0.045, 0.056) 0
6 0.048 (0.043, 0.055) 0
7 0.046 (0.041, 0.054) 0.002 (0.001, 0.005)
8 0.045 (0.039, 0.052) 0.002 (0.001, 0.004)
9 0.043 (0.037, 0.051) 0.002 (0.001, 0.004)
10 0.041 (0.036, 0.047) 0.001 (0.001, 0.003)
11 0.039 (0.034, 0.043) 0.001 (0.000, 0.003)
12 0.037 (0.033, 0.040) 0.001 (0.000, 0.002)
13 0.035 (0.032, 0.037) 0.001 (0.000, 0.002)
14 0.033 (0.031, 0.034) 0.001 (0.000, 0.002)
15 0.032 (0.030, 0.032) 0.001 (0.000, 0.002)
16 0.030 (0.029, 0.029) 0.001 (0.000, 0.002)
17 0.029 (0.028, 0.027) 0.001 (0.000, 0.002)
18 0.027 (0.027, 0.026) 0.001 (0.000, 0.001)
19 0.026 (0.027, 0.024) 0.001 (0.000, 0.001)
20 0.025 (0.026, 0.022) 0.001 (0.000, 0.001)
21 0.024 (0.025, 0.021) 0.001 (0.000, 0.001)
22 0.023 (0.024, 0.019) 0.001 (0.000, 0.001)
23 0.022 (0.024, 0.018) 0.001 (0.001, 0.001)
24 0.020 (0.023, 0.016) 0.001 (0.001, 0.001)
25 0.019 (0.022, 0.015) 0.001 (0.001, 0.001)
26 0.018 (0.021, 0.014) 0.001 (0.001, 0.001)
27 0.017 (0.020, 0.013) 0.001 (0.001, 0.001)
28 0.016 (0.019, 0.011) 0.001 (0.001, 0.001)
29 0.014 (0.018, 0.010) 0.001 (0.001, 0.001)
30 0.013 (0.017, 0.009) 0.001 (0.001, 0.001)
31 0.012 (0.015, 0.008) 0.001 (0.001, 0.001)
32 0.010 (0.014, 0.007) 0.001 (0.001, 0.001)
33 0.009 (0.012, 0.006) 0.001 (0.001, 0.001)
34 0.007 (0.010, 0.004) 0.001 (0.002, 0.001)
35 0.006 (0.008, 0.003) 0.001 (0.002, 0.001)
36 0.004 (0.006, 0.002) 0.001 (0.002, 0.001)
37 0.002 (0.003, 0.001) 0.002 (0.002, 0.001)
38 0 0.002 (0.003, 0.001)
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Table 3.8: Elasticity matrix elements for the Site 1-R population of Clemmys guttata in Illinois 
in which j = Age in years, i = j+1, Sji = elasticity of survival from age j to i, and Fj = 





0 0.139 (0.188, 0.127) 0
1 0.075 (0.098, 0.070) 0
2 0.074 (0.092, 0.071) 0
3 0.074 (0.087, 0.072) 0
4 0.073 (0.083, 0.072) 0
5 0.073 (0.079, 0.073) 0
6 0.072 (0.077, 0.073) 0
7 0.071 (0.075, 0.073) 0
8 0.071 (0.074, 0.073) 0
9 0.070 (0.074, 0.072) 0
10 0.061 (0.062, 0.062) 0.008 (0.011, 0.008)
11 0.052 (0.051, 0.053) 0.007 (0.011, 0.007)
12 0.045 (0.041, 0.046) 0.006 (0.010, 0.006)
13 0.039 (0.033, 0.040) 0.005 (0.009, 0.005)
14 0.034 (0.025, 0.034) 0.005 (0.007, 0.004)
15 0.029 (0.019, 0.029) 0.004 (0.006, 0.004)
16 0.025 (0.014, 0.025) 0.004 (0.005, 0.003)
17 0.021 (0.009, 0.022) 0.003 (0.004, 0.003)
18 0.018 (0.006, 0.018) 0.003 (0.003, 0.003)
19 0.015 (0.004, 0.015) 0.003 (0.002, 0.003)
20 0.012 (0.002, 0.013) 0.002 (0.001, 0.002)
21 0.010 (0.001, 0.011) 0.002 (0.001, 0.002)
22 0.009 (0.001, 0.009) 0.002 (0.000, 0.002)
23 0.007 (0.000, 0.008) 0.002 (0.000, 0.002)
24 0.005 (0.000, 0.006) 0.001 (0.000, 0.002)
25 0.004 (0.000, 0.004) 0.001 (0.000, 0.001)
26 0.003 (0.000, 0.003) 0.001 (0.000, 0.001)
27 0.001 (0.000, 0.001) 0.001 (0.000, 0.001)
28 0 0.001 (0.000, 0.001)
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Table 3.9: Elasticity matrix elements for the Site 2-L population of Clemmys guttata in Illinois 
in which j = Age in years, i = j+1, Sji = elasticity of survival from age j to i, and Fj = 




0 0.039 (0.033, 0.046) 0
1 0.039 (0.033, 0.046) 0
2 0.039 (0.033, 0.046) 0
3 0.039 (0.033, 0.046) 0
4 0.039 (0.033, 0.046) 0
5 0.039 (0.033, 0.046) 0
6 0.039 (0.033, 0.046) 0
7 0.038 (0.033, 0.045) 0.000 (0.000, 0.001)
8 0.038 (0.033, 0.044) 0.000 (0.000, 0.001)
9 0.038 (0.033, 0.044) 0.000 (0.000, 0.001)
10 0.036 (0.032, 0.041) 0.002 (0.001, 0.003)
11 0.035 (0.032, 0.038) 0.001 (0.000, 0.003)
12 0.033 (0.031, 0.035) 0.001 (0.000, 0.003)
13 0.032 (0.031, 0.033) 0.001 (0.000, 0.002)
14 0.031 (0.030, 0.031) 0.001 (0.000, 0.002)
15 0.030 (0.030, 0.029) 0.001 (0.000, 0.002)
16 0.029 (0.029, 0.027) 0.001 (0.000, 0.002)
17 0.028 (0.029, 0.026) 0.001 (0.000, 0.002)
18 0.027 (0.028, 0.024) 0.001 (0.000, 0.002)
19 0.026 (0.028, 0.023) 0.001 (0.001, 0.001)
20 0.025 (0.027, 0.021) 0.001 (0.001, 0.001)
21 0.024 (0.027, 0.020) 0.001 (0.001, 0.001)
22 0.023 (0.026, 0.018) 0.001 (0.001, 0.001)
23 0.022 (0.026, 0.017) 0.001 (0.001, 0.001)
24 0.021 (0.025, 0.016) 0.001 (0.001, 0.001)
25 0.020 (0.024, 0.015) 0.001 (0.001, 0.001)
26 0.019 (0.023, 0.013) 0.001 (0.001, 0.001)
27 0.018 (0.022, 0.012) 0.001 (0.001, 0.001)
28 0.016 (0.021, 0.011) 0.001 (0.001, 0.001)
29 0.015 (0.020, 0.010) 0.001 (0.001, 0.001)
30 0.014 (0.019, 0.009) 0.001 (0.001, 0.001)
31 0.012 (0.017, 0.008) 0.001 (0.001, 0.001)
32 0.011 (0.016, 0.007) 0.001 (0.002, 0.001)
33 0.009 (0.014, 0.005) 0.002 (0.002, 0.001)
34 0.008 (0.012, 0.004) 0.002 (0.002, 0.001)
35 0.006 (0.009, 0.003) 0.002 (0.002, 0.001)
36 0.004 (0.007, 0.002) 0.002 (0.003, 0.001)
37 0.002 (0.004, 0.001) 0.002 (0.003, 0.001)
38 0 0.002 (0.004, 0.001)
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Table 3.10: Projected female-only abundances for two populations of Clemmys guttata in Illinois 
under deterministic population growth rates. PE, UCE, and LCE represent the 
parameter estimates, upper confidence estimates, and lower confidence estimates of 
population growth rate. Present abundances (Time 0 yrs) based on estimates of mean 
(PE, UCE, and LCE scenarios), upper 95% confidence level (Best scenario), and 




Site Scenario 0 10 20 50 100
Best 55 59 64 82 124
UCE 46 49 53 68 103
PE 46 8 1 0 0
LCE 46 0 0 0 0
Worst 38 0 0 0 0
Best 53 53 54 55 59
UCE 44 44 44 46 49
PE 44 22 10 1 0
LCE 44 9 1 0 0
Worst 36 7 1 0 0
Site 1-R
Site 2-L







Figure 3.1: Estimated female-only age-specific survival (A.) and fecundity (B.) rates with 95% 
confidence intervals (C.I.) for two populations of Clemmys guttata in Illinois. Site 1-
R estimates based on mark-recapture from 1988–2009 while Site 2-L estimates span 





Figure 3.2: Percent Relative Precision (PRP) of parameter estimates for age-specific survival of 
two populations of Clemmys guttata in Illinois. Site 1-R was sampled from 1988–
2009 and spans ages 0–28 years while Site 2-L was sampled from 1988–2016 and 






Figure 3.3: Stable age distribution for two populations of Clemmys guttata in Illinois sampled 
from 1988 to 2009 (Site 1-R) and 2016 (Site 2-L). Age class 0 represents the egg and 
hatchling stage while adults are ages 10+ years. 
  







Figure 3.4: Sensitivity (A.) and elasticity (B.) of population growth to age-specific survival rates 
for two populations of Clemmys guttata from Illinois based on a Leslie matrix 
perturbation analysis. Vital rates were compiled using mark-recapture data from Site 









Figure 3.5: Sensitivity (A.) and elasticity (B.) of population growth to age-specific fecundity 
rates for two populations of Clemmys guttata from Illinois based on a Leslie matrix 








Figure 3.6: Deterministic projection of female-only abundance for two populations of Clemmys 
guttata in Illinois based on POPAN open population abundance estimates, age-
specific survival rates derived from Cormack-Jolly-Seber models, and age-specific 
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CHAPTER 4: SUMMARY AND CONSERVATION IMPLICATIONS 
 
 
Abstract—Small population sizes frequently complicate conservation planning for imperiled 
species, which are inherently at risk for decline (Guo et al. 2002). Causative factors are often 
both deterministic and stochastic, whether environmental (Akçakaya et al. 2004), genetic (Davy 
& Murphy 2014), social (Allee & Rosenthal, Jr. 1949), or demographic (Lindenmayer et al. 
1993; Traill et al. 2010). Together, these factors contribute to an ‘extinction vortex’ of positive 
feedback processes combining to cause extirpation (Fagan & Holmes 2006). The goal of my 
research was to inform management plans focused on mitigating small population risks for the 
two Illinois populations of Spotted Turtles (Clemmys guttata) by assessing population size, 
population structure, characterizing demography, and identifying age-specific vital rates most 
influencing population growth. I propose a series of conservation recommendations for the 
Lockport (LPNP) and Romeoville (RPNP) Prairie Nature Preserves populations of C. guttata 
based on the results of my demographic analysis. 
 
Research Summary 
Both populations of C. guttata exhibited an even sex ratio and an adult bias characteristic of 
bet-hedging species. The healthy demographic indicators are also found in other populations of 
C. guttata but not necessarily in conjunction with a stable to growing population size. I found 
both populations increased in size since 1988 with an estimated increase in size of 40 to 116 
individuals by 2010 at RPNP and 63 to 99 individuals by 2016 at LPNP. My abundance findings 
contrast with the bulk of C. guttata populations, which are in decline or extirpated across the 
species’ range (van Dijk 2011). 
I further conducted a matrix analysis to evaluate age-specific survival and fecundity and their 
associated sensitivities and elasticities. Illinois populations of C. guttata displayed ontogenetic 
survival probabilities typical of other turtle species (Congdon et al. 1993; Heppell 1998) and 
similar age-specific reproductive output to another mid-latitude population (Litzgus & Mousseau 
2006). However, unlike many other long-lived species in which adult survival is most important 
for population growth (Cunnington & Brooks 1996), population growth was most elastic to 
survival of younger individuals in populations of C. guttata from Illinois and Canada (Enneson 
& Litzgus 2008). 
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The results of my deterministic matrix analysis showed an imminent and major decline in 
population size, which contradicted the stable to increasing trend suggested by my abundance 
analysis. The discrepancy is likely due to the distinction between short-term and long-term 
dynamics, which can be severely pronounced in long-lived species (East et al. 2013). While both 
populations may be experiencing stability or growth, I ultimately conclude neither is 
demographically viable under inherent deterministic factors. 
 
Conservation Recommendations 
I propose eight main objectives for active management and further inquiry specific to conserving 
the Illinois populations with potential applicability to the remainder of the C. guttata range. 
 
Current Management Objectives 
1. Habitat 
Description.—Current populations are limited to core habitat areas featuring necessary habitat 
components such as permanent shallow water wetlands with overwintering burrows. At RPNP, 
changes in plant community composition have occurred in these core areas and the intervening 
matrix, raising concerns over the availability of food, water, and nesting resources. For instance, 
there has been a pronounced expansion of thick stands of Typha spp. at RPNP at the expense of 
more open Carex wetlands and a subsequent drawdown of available standing water. At LPNP, 
the restoration of a northern unit in the late 1990s and early 2000s has been ostensibly successful 
at attracting C. guttata. In 2015 and 2016, we found five new individuals, all between the ages of 
five and ten years, and 10 of 13 individuals ever recorded in the northern unit.  
An additional concern is fluctuation of the water table caused by nearby quarry mining 
activities. Minor water drawdown would encourage weedy species to encroach onto wetlands 
(Anderson & Brown 1991) and can negatively impact C. guttata survival as water buffers 
freshwater turtles from exposure to freezing air temperatures during overwintering (Ultsch 
1989). Because C. guttata has high fidelity to communal overwintering sites (Litzgus et al. 
1999), changes in water depth can cause group mortality. Any substantial drawdown in the water 
table would negatively impact populations as the overall plant community of wetland-dominated 
species would transition to prairie or exotic monocultures.  
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Optimal Target.—The focus should be on expanding the amount of suitable habitat through land 
acquisition, restoration, and management. Because current political and budgetary concerns may 
restrict the purchase of new property, active habitat manipulation should be a top priority, 
especially for RPNP as much of the plant communities are undergoing succession. Controlled 
burns during the non-active season of C. guttata could be used to reverse the successional trend 
(Sojda & Solberg 1993; Kostecke et al. 2004) and should be applied with greater initial 
frequency (every one to two years). At LPNP, habitat management in the form of exotics control 
and occasional prescribed fire (two to four years) should encourage continued colonization of the 
northern half through providing acceptable habitat and could be extended to the far southern end 
of LPNP. Prior ATV activity created shallow wetlands and encouraged the expansion of sedge 
meadows in the northern part of LPNP and could be cautiously replicated through targeted 
digging at both preserves. These sedge meadows are critical to successful nesting and may stymy 
loss of abundance as population growth is highly elastic and sensitive to egg survival. I further 
suggest stringent evaluation standards for all projects affecting the local hydrology as they may 
destroy critical habitat. 
Minimum Target.—Maintain or restore the quality of core habitat areas. 
 
2. Landscape juxtaposition 
Description.—Habitat heterogeneity is crucial for basic survival and reproduction in C. guttata, 
which uses a seasonal mixture of upland and wetland habitat (Joyal et al. 2001; Rasmussen & 
Litzgus 2010). In addition to habitat type, the size and proximity of different habitats can 
influence population dynamics (Kareiva 1990; Lamberson et al. 1992). This is particularly true 
for C. guttata, which is both a habitat specialist and a poor disperser with an average home range 
of <10 acres at both LPNP and RPNP (Anthonysamy 2012). To effectively manage the 
ecological needs for C. guttata, the quality and proximity of both terrestrial and aquatic systems 
on the landscape need to be considered together (Lindenmayer et al. 2007; Leonard et al. 2017). 
Improved habitat within the preserves is likely only useful if located within the natural dispersal 
capabilities of C. guttata. 
Optimal Target.––Prioritize management of areas immediately surrounding core habitat over 
more distant patches. I recommend creating a continuous swath of high-quality habitat within a 
300 m radius of core habitat areas based on an average home range length of 261.7 ± 37.3 m 
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(Anthonysamy 2012). As this distance includes one road barrier at LPNP, some consideration 
should also be given to finding methods to facilitate successful dispersal whether through 
excluding traffic during the active season or creating tunnels underneath the road to connect the 
two halves of the preserve. 
Minimum Target.––Continue maintaining the quality of and connectivity between seasonal 
habitat areas through the control of exotics and woody invaders. 
 
3. Mortality 
Description.—The major sources of mortality appear to be predation, fire, and natural causes, of 
which we can effectively mitigate the first two. Predation-based mortality can be addressed by 
managing the presence of subsidized mesopredators, which are a major contributor to turtle 
mortality (Burke et al. 2005; Smith et al. 2012). There is evidence of predation attempts on C. 
guttata including claw and teeth scours, missing limbs, and partially crushed shells. Raccoons 
frequently raided traps, and although adult C. guttata are sufficiently large to incur a lower risk 
of mortality from mesopredators, predation on juveniles and nests is likely drastically 
underreported. Mesopredator removal has successfully increased survival rates in younger age 
classes of other turtle populations (Christiansen & Gallaway 1984; Engeman et al. 2005) and 
could likewise benefit Will County C. guttata. My traps baited with sardines were sufficient to 
attract almost daily attention, indicating that baited traps may prove very successful. 
Optimum Target.––Institute mesopredator trapping at both preserves. Allow heavy trapping 
during the legal open season in Illinois (winter) when visitor traffic is low and implement more 
discreet trapping during the spring and fall C. guttata active seasons. Discourage wildlife 
rehabilitators from releasing mesopredators at preserves and enforce penalties for perpetrators. 
Eliminate habitat features specifically beneficial to mesopredators such as nursery trees on an 
annual basis. 
Minimum Target.––Allow heavy trapping during the legal open season in Illinois (winter) when 
visitor traffic is low and discourage wildlife rehabilitators from releasing mesopredators at 







Description.—Genetic concerns are tied to small population concerns due to risks from low 
genetic variation, inbreeding depression, and genetic drift. A preliminary study using DNA 
fingerprinting showed an inverse relationship between genetic diversity and population size for 
C. guttata (Parker & Whiteman 1993). Research targeted at Illinois C. guttata showed a 
significant divergence between populations due to lack of gene flow, low genetic diversity, and 
imminent loss of genetic diversity (Anthonysamy et al. 2017). The reduced heterozygosity and 
allelic richness raise concerns about limited genetic adaptability in Illinois C. guttata. 
Research from Canada shows C. guttata were historically distributed across the landscape as 
one continuous population and isolated populations are a result of contemporary fragmentation 
(Davy & Murphy 2014). Illinois C. guttata were likely similarly distributed across most of the 
greater Chicago region before being isolated by urbanization (Johnson 1983). However, my 
results provide evidence of population-level adaptations in demographic behavior by site, and 
any attempts to enhance genetic diversity should be approached with caution (Tallmon et al. 
2004). 
Optimum target.––I recommend mitigating genetic concerns through addressing the small 
population problem by increasing abundance to carrying capacity in areas of suitable habitat or 
on restoring habitat to support higher abundances than exist currently. Doubling the population 
from ~100 to ~200 individuals will halve the loss of genetic heterozygosity over a generation. 
The current skewed mating system causes a faster deterioration of heterozygosity (Anthonysamy 
et al. 2017), so an additional consideration may be artificially increasing the contribution of other 
sires during mating. As the Illinois Natural History Survey has a comprehensive bank of genetic 
material from all individuals caught since the early 2000s, it is possible to construct a lineage 
map and selectively breed individuals in captivity. However, it is difficult to predict what the 
effects of removing selective breeding pressures will be. 
Minimum target.––Follow recommendations laid out under the Habitat, Landscape Assessment, 
and Mortality sections to increase population size. 
 
5. Assessment 
Description.—Finally, I recommend regularly updating the long-term monitoring dataset for 
Illinois C. guttata and incorporating new data into the updated POPAN Jolly-Seber analyses. 
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Collecting contemporary data strengthens the ability to detect trends and to evaluate our model 
results accurately, and I found the POPAN open model to be a more accurate assessor of 
population size than the Lincoln-Peterson Index, which was previously employed to estimate 
population size at LPNP and RPNP. Such monitoring would allow model projections to be 
compared with actual survey results to afford adaptive management. 
Optimum Target.–– Regular reassessments can establish any actual versus perceived successes of 
management actions (Dodd & Seigel 1991) geared toward C. guttata in Illinois. As there is 
evidence both populations are declining, albeit slowly in LPNP and rapidly in RPNP, both 
populations would ideally be resurveyed annually during the entire active season. Yearly data 
would also be ideal for developing robust population viability analyses (PVA; Maehr et al. 
2002). 
Minimum Target.––If resources are logistically limiting, we recommend resampling the 
population during early spring (late April) at five-year intervals to balance maximizing catch per 
unit effort, maintaining a sufficient recapture rate of previously marked individuals to use Jolly-
Seber models, accurately detecting trends, and minimizing the use of monitoring resources. New 
juvenile to young adult individuals should also be apparent after five years, which would confirm 
recruitment during the intervening period. Alternatively, recruitment can be inferred by verifying 
reproduction every five years by intensively sampling for gravid females during the 1st week of 
June. However, given possible declines in the RPNP population, even full-season surveys at 
shorter intervals may produce an insufficient sample size for analysis and may only reveal 
presence/absence. 
 
Future Management Goals 
6. Disease 
The foundation for pathogen monitoring is a complete health assessment for each population. 
Establishing a baseline of health status and pathogen presence will allow a more rapid response 
to potential future outbreaks (Allender et al. 2009). For example, Ranavirus has been 
documented as causing high mortality in turtles (De Voe et al. 2004) and has been transmitted 
experimentally between turtle species and other poikilothermic taxa (Brenes et al. 2014). Though 
Ranavirus’ effect on C. guttata remains unknown, pathogen identification could assist 
reintroduction or translocation programs if warranted. By continuing to collect tissue samples 
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and recording health observations on C. guttata, we can establish an early-detection system to 
identify unusual disease symptoms or pathogen presence using genetic analysis. Such results can 
also inform C. guttata conservation in other locations and encourage preventative measures 
against Ranavirus. Currently, there are no immediate pathogen threats identified within the 
populations, but a baseline assessment could prove crucial to the discovery of previously 
unknown contributors of mortality within the populations and better ensure the success of 
management (Deem et al. 2001). For instance, while I have found no direct evidence of disease-
related mortality, I have recorded ear cysts in multiple individuals at LPNP, which could inhibit 
their ability to detect and avoid predators. 
 
7. Assurance 
High spatial autocorrelation may result from proximate and similar habitats and increases the 
risk to geographically proximate populations to the same stochastic events (Akçakaya 2000). 
Ideally, management actions targeted at each population will reduce autocorrelated risk factors 
and decrease the likelihood of regional extirpation (Akçakaya 2001). Establishing one or more 
assurance colonies at sites with suitable habitats could be a viable option to increase the chance 
of species persistence, but many logistical constraints exist. I here briefly discuss four major 
areas of consideration before attempting an assurance colony. 
Location.––A cost-benefit analysis can be conducted to identify the best locations for one or 
more assurance colonies. Factors to account for in a potential assurance site include size, 
protection status, species diversity, and habitat heterogeneity. Current populations are isolated 
but share aquatic resources through the Des Plaines River. The same contamination event 
upstream could negatively affect both sites, so I recommend restricting options to sites outside of 
the immediate Des Plaines watershed. 
Stock.––The Turtle Survival Alliance has successfully established ex-situ assurance colonies for 
several endangered or critically turtle endangered species using confiscated and ethically sourced 
chelonians (Turtle Conservation Fund 2002). Contraband individuals are occasionally seized in 
Illinois, such as a recent acquisition of 50 adults in the Chicago area by the US Fish and Wildlife 
Service (Michael Dreslik, pers. comm.). However, it is unlikely enough of these individuals 
would be suitable for release to establish the initial population. If the existing populations were 
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to be used as sources, concerns include genetic variation (avoiding a bottleneck), suitability of C. 
guttata to translocation (Germano & Bishop 2008), and depletion of the original populations. 
If the current Illinois populations are used to stock the assurance colony, efforts would be 
contributing to their decline. A potential mediating technique is headstarting or the captive 
rearing of individuals from eggs for eventual release to the wild. Based on my results, 
headstarting may reduce the mortality rate in age classes deemed crucial to population growth 
(Spencer et al. 2017) and could be used to supplement existing populations (Mitrus 2005) and 
initiate assurance colonies. However, this technique is expensive, relatively untested, and often 
inconclusive (Snyder et al. 1996). Furthermore, it does not address the underlying causes of 
population decline (Heppell et al. 1996). 
Evaluation.––Long-term monitoring when establishing new populations is necessary due to the 
timing of the C. guttata life cycle. For instance, recruitment is only possible after meeting a 
threshold of reproductive adults, and wild C. guttata may take ten years to reach sexual maturity 
(Ernst & Barbour 1989). Assessment is also crucial to ensure the new site does not represent a 
population sink. Continuous captive rearing to subsidize a naturally declining population would 
be expensive and, ultimately, counterproductive to the goals of the project. 
 
8. Outreach 
Conducting public outreach on the importance of chelonian conservation can improve attitudes 
toward habitat conservation and management. Both LPNP and RPNP are protected through the 
Illinois Nature Preserves Commission and the Will County Forest Preserve District but are still 
publicly accessible for some recreational activities, posing a risk to C. guttata. Fostering greater 
awareness on the importance of turtles and the presence of turtle species at the two Illinois 
preserves could mitigate the localized loss of individuals by reducing poaching and road 
mortality (Beaudry et al. 2008). Public support for C. guttata may also prove useful for 
facilitating future land acquisition. 
 
Future Research 
My research has provided the deterministic demographic foundation for stochastic population 
viability analysis (PVA). Data on genetic integrity and spatial behavior represent two additional 
potential PVA inputs, but the more complex the scenario, the more data-intensive an analysis 
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becomes. Fortunately, genetic data for Illinois C. guttata are now available (Anthonysamy et al. 
2017) and can be used to rigorously model population trajectories with VORTEX software. 
Including a spatial component will prove to be more challenging given the degree of habitat 
change, inconsistencies in location data format over the length of the study, and the high 
standard of data quality set by the demographic and genetic components. However, such a 
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